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PREFACE TO THE SECOND EDITION 

r r xviU be generally accepted that an introductory text-book should be not 

only informative it ahcmld also endeavour to be mtellectuiUyitimulati^ 

Experience in has ihown that the Utter intention can most nearly 

be realued by bnngmg the student from the earliest days of hia career up 
to vantage pomta on the advancing &ont of scientific ath^turc, and giving 
him preliminary glimpsea of current problems tvhicli are exciting the 
attention of sdentista. Hence %vhen this book was first written, an attempt 
was made to combine a record of elementary knowledge with short dls- 
costions of recent advances m anatooucal saeucc. Since the first edition 
appeared over five years ago further significant advances have been made 
m certam aspccti erf anatomy and a new edition haa given the opportunity 
of mcorporatmg ref er ences to some of these. Parts of the book have there 
fore rewritten, but the temptation to expand and elaborate has been 
avoided as Ur as possible. Some new illustrations have been added, and 
a few of the figures m the first edition have been replaced. 

The author would like to thank many friends who have offered sugges- 
dons for improvements it is due to their kindly advice that certam crudities 
of phrase and statement which appeared m the first edition have been 
upended. 

W E, Le G C 

OXFOKD 1945 


FROM THE PREFACE TO THE FIRST EDITION 

ANATOMY IS concerned with the study of the itroctural organiiation 
J’xoi the hvmg body with the condmona under which organustion 
IS achieved during embryonic and post natal development, and with the 
processes whereby it is mamtamed after the body has reached maturity 
The subject naturally embraces the whole range of organic structure, tKai- 
IS, the orginiiation of the ciementaiy components of living riito 

1 complete cell the orgamxition of cem mto tissues, of tissues mto organs 
of organs into systems, and finally of systems mto fully mt^nted living 
cftatiiie* The saence of Anatomy m short, u the study of organization 
Until recently however the subject of Anatomy m the teaching curricula 
of this country has been mainly confined to the study of the end products 
of structural organization, that is to say to the descriptive stucty of the 
structural compleiiiv of mature orgamsma. Borne attention hu also been 
given to recording the successive changes wbch occur during embryonic 
development, but, on the other hadd, the teaching of structural organa* 
tion as a dynamic process has been much neglected. Fortunately one can 
to-day recognize a re-oncntation m the teadung of Anatomy Alcdical 
cdocationahsts have come to realize the importance to the medical student 
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of 1 knorrledge of the fimdainentsl pnndples of the growth, dl ff eren ta don, 
and atructnnd adaptation of Irring tiaanea, even if this moat be gained at 
the expense of acme aaperfluoua knowled^ of the topographical minutiae 
of human an ato my Bn^aa to often occura during the proccaa of a changing 
camculam, the ahifting fbens of attention has been mamfeated in 
deportment teaching before being reflected m the text-booka which are 
avtable to the stndrat It la pronaely for thia reason that the preaent 
book came to be written. 

It hxa been the suthor'a cuatom — oa it la alao that of many of Jua fellow 
anatomiata — to introduce the subject of Anatomy to hia atndenta by a 
courte of lectorea dealing with the genenl probltia of the o rganluti on 
of Imng tttfuea. Tbe aobatance of theae lectures baa been arranged and 
amnewh^ amphfled m the form of a text book in order to make arailahle 
for atudcnti mformatJon wtridi la othenriae only to be found in the 
literature of aoatocmcal joomak. It la the tun of tola book to provide an 
introductory account cd the fondamental ^roblema of Anatomy with 
apeaal reference to the ^iplicaaon of expenmental methods In the study 

structural orgardxatlcm. 

Tbe derelopii^t of experimental anatomy baa proceeded rather rapidly 
in the lut few ^etra> and hu now come m aasume cnnaideiable importXDce 
Indeed, speaking of one technigoe, that of tissue cuHore, it has recently 
been stated by AXsos Carreli that *a{oogwitb tbe inrentloQ of the dnecnon 
of living and dead bodies, and that of tbe mlcnscopkal caaounanon of 
organa, the creadon of the method of tivue culcore ji the most important 
event in the hutory of AnatomV There can be no doobt that, in the 
development of the teaching of Anatomy in tbe immediate fotore, the in 
corporation of au<^ rechnit^ methods wiH be a Dec esaai y feature. 

It has been mentiaaed thst this book is intended to serre an introductory 
function. Indeed, h win be at <mce endent to the reader that it la m 'no 
wsy comprehensim This would defeat the aims of the book as a students 
ms Dual OOT would the author be qmhfled to treat comprebentirely of all 
the themes wbkh are di so rased therein. A representative aelecdon of 
references has been giren throegboot the text, which will enable those 
who wish to do so to s^ for furtl^inhiTmatioo by consulting the relevant 
hterature. FoitunaieJv moat medical schools have now ac cess to good 
•aentific libraries, and there is a pre wing tendency to encourage atuoents 
to consult original and authontaUve UtCTture even in the eir^ ttaM of 
their academic career mtrodudng the reader to the sort of problems 
xKnv engaging attention m anstomlcal research, the author has ahned at 
stimulating a fed mg of real interest and inquiry 

Fomrord tn tf Titan CWtwv by R, C. I^Aer New Yock, ^t. 
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I 

THE STUDY OF TISSUES AND THEIR 
CELLULAR BASIS 


1 THE CELLULAR BASIS OF TISSUES 


T issues are the nutrlr of the body the ituff out of which are cou- 
rtructed all thoac organa and •yatema which fit together to make up 
the machmery of the complete Imng mdmduiL For this reason, they 
form the biaic ttudy of the aaenco of anauwty 
dearly one of the moat Important factor* determining the dupoaition 
and form ohnnitely afaomed oy all anatomical atnicturea, whether they 
arc moadea, nerve* or glands &C, moat be the nature of thetr constituent 
mateml*. The study of these mitcnai* is alio important for the conudera 
twn of analormcal problems such as the adaptation of structure to func 
tional retpurementa, the capacity of vanoua organa for growth, regenerabon 
and repair and their morphogencaia dunng embryonic and cvolutionaiy 
development- Hence must firtt be studiea as tisaues before it i* 

poasibVe to appreciate tiie morphology of the compoaite strorture* to which 


they contribute. 

All tmue* are composed of cellular elemcDts and thor denvatjvca. The 
ceUa may be closely packed, held together by an mterctDular cement 
substance or in come cases by direct protoplaamic (syncjrdal) coonezlons, 
or they may be rather widm scattered through an mterceBular ground 
substance containing tmue fluid, fibrous elements, deposits of Inorganic 
material tod so fotth. Even thisse non-celhilar elements, hovrever are 
ulthnitdy the products of cclhilsr actmty 

It IS customary in text books to define a tissue as an asKmblage of cells, 
lE of the same type, arranged m a regular for ma tion. Such a definition 
la apt to be misleading for It imphca an abstraction which doe* not exist 
m the hving body It i* true that each kind of tiasue Is usually composed 
pndowttnamfy of one type of cell specblued for the pntjcular funrton* 
aubserved by it, but u part of a woiiang unit it also contain* other lands 
of cellular element which arc ancillsiy and even essential to t^mahitcnanco 
of hs nutntion and functional effiocncy Indeed, these other elcmenta are 
m many cases ultnnately responrible for the orgKuxed arrangement of the 
tp fci a lii e d cell* which a characteristic of a tiswe from the structural and 
also from the morphogenetic point of view 
Mere aggregation* of muscle cell* or nerve ceDa cannot by thcmacjTe* 
form muscle or nerve tmue. Muscular tissue is composed of more 
muado fibres, for it contain* mtnnidc clanemi such as connective-tiasuc 
cell* and fibres, a tpccul arrangement of blood Teasel* and to forth. 
Snnllariy nervous thsue is composed not only of nerre cells tad their 
processes, but abo of other cellular elcmenta without wiudi the nerre 
cell* thcmsclTca are unable to preserve their vitahty or to function as an 
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orgtnned tinac. While, of courte, it b ippropriitc to rtudy the chemical, 
phyitdl, cod tfittomical properties of b^ted muscle and nerve ts 
the banc fdncdonil demcDts of moscnlsf tnd oervous mecbtnbms, the 
study of these cells in the bulk, Le. cs orguuxed tissues, most necesfiuily 
take into account the other element! which enter into the composibon of 
these tissues and which condtuon their normal activi^ in the Cving body 

A tissue, then, may be defined as an assemblage of ceihilar and fibrous 
elements. In which one particular type of ceU or fibre usually predominatea, 
organized to form the matensl bats of one of the functional systema of the 
body Vascular hssae, therefore, mdudea not only the essenti^ endothelial 
lining of all the blood vessels, ^t also the orgamzatian of muscular and 
fibrous elements which are fundamental to the Donnal activity of arteries 
and veins. Again, a study of the skm as a tbsue involves not only a con 
sldeiatlon of the elementary structore of the epidennis, but sIm of its 
substr a t u m, the dermb, ha pecuhantica of blood and n erv e supply and 
ha immediate denvatiTea su^ as hair naHs, tweat glindi, Ac. 

Tlttues are, In summary orrtmxtd liviog matcnal, and it ts from such 
a poult of view that they will be considered in the following pages. 


3 THE ANATOhDCAL STUDY OF TISSUES 

The sdence of anatomy b concerned with the study of living organisms 
pnmanly from the point of view of their structure. Its olmnste aims 
Include the mterpret a tioD of the structural organnadoai of the body in 
terms of the morpbogenebc factor* whkh determine the compoaidOQ, 
form and dl^xtttooa of the various cocstitiient organs and syitems, the 
varbUoQs whi^ they show in difi’ereot phases of growth and activity and 
their adaptation to funCUonal requirementa. 

Of aU the technical expedients enmlojred in the study of anatmiiy that 
of simple dissectiOQ with scalpel and f or ceps b the most time hoooured. 
By thb method the gross orgsnixstkm of the body can be defined in con 
siderable detail. ItUaneMemulsponncbtothesradyofthetopomphical 
anatomy of the human body in relation to the subject! of medicine and 
surgery It provides the biM for aU pfayvolDgical studies, fm- the study 
of stnictural rarutions, whether mdindcol or meal, and for the study 
comparative anitomy Farther the study of raaid varbtions in man 
lead* on to the widtf field of pihyalcal anthropology while comparative 
anatomy ts the starting pomt for the Investigation of problems of structural 
evohitkm. 

Dissection u always open to the cntiriim that, since it u usually practised 
on dead tbsues, it dm not necessarily give accurate information regarding 
thar appe aran ce during Hfe. Thb Direction b a real one, and must always 
be takm into account m anatomical studies. For while, no doubt, the 
appearance of many gross structarcs in the dead body such ts rau^ei, 
ne t res, blood vess^ &C., reflects Cilrly dosdy their a p pesrance In the 
living body some tissues and organs (particulariy the Tbceta) may become 
considcTably altered in shape and texture after Mth. 
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With the Q»e of appropriate technical methods, tmiple dissection can 
certainly tnpply much information regardmg the constituent tissues of 
the vtnous organized units of the body Moreover the naked eye can be 
iupplcmented by a dissecting microscope with comparative^ low magni 
fications, or even by the highest powers of the compound microscope. 
Micro-dissection, as an anatomical technique, has been developed m com 
paraUvely recent years by the construction of speoil apparatus. It mvolves 
the use ^ exceedingly 6 ne glass needles, micro-apatulaa, micro-pipettes, 
and so forth, which are fixed m a rigid holder provided with screw attach 
ments whereby the pomts of the matruments can be mampnlated m the 
field undcf the microscope. By means of this apparatus smgle cells can 
be isolated and dissected, and It it also possible to study the effects of 
mjecting chemical substances mto the cytoplasm, or the rcsulta of eapen 
mental mutilation of the cell.* 

While grofts dissection can do little more than give information regardmg 
the gross organization of the body it does provide the material for the study 
of morphogenetic problems, and of problems mi’olvmg a considcratioo of 
the relation of form to ftmetjon. The ultimate soluhon of these problems 
however requires the use of the microscope. Hence, microscopic ana 
t o m y or histolo^ as it u alto called occupies the central position m the 
realm of anatoim^ studies. 

Microscopic anatomy can be divided into two mam fields of inquiry the 
study of tissnes fixed and stamed after death and the study vt two or 
01 cstro of Irving Qisnet. In the first case, the anatamical composition of 
a tissue in terms of its celhilar compcinents la explored by making film 
preparations, or by preparing ertremcly thm sections which are cut with 
a raicrotoinc after the tissue has been embedded in paraffin wax or cel 
loidin, or after it has been frozen. Clearly the prehminary treatment 
required for preparing microscopic aectums is certam to distort to some 
extent the appearance of a tissue as it exists in hfe. It u mt er e stm g to 
note however that studies of hvmg ccDs by the spetaahzed technique* now 
available have shown that the Inferencea drawn by the older anatomists 
from dead material, regarding the stnicturc of tissues and of the mdinduai 
celU of which they are composed, were often remarkably correct. 

ITie use of stains m the microscopic study of tissue snitomy u of 
fundamental nnportsnce. ManystamsarcadectiTelytakenTObyparticular 
types of cell, or by particular structures withm each cell TTi^ therefore 
aerve to differentiate the cellolar elements which enter mto the composition 
of a tissue, and they also brmg into view mtrscdlular structures whS^y 
be mnsible m the unstained cell by reason of the fact that their rcfrictflity 
coinadea with that of the surrounding medium. The ttain* u*ed are 
•olutions of dyes prepared from animal or vegetable extracts, or chemical 
impounds of the anihne group Thor affinity for the particular elements 
which they colour depends on processes of absorption, actual chemical 
combination, or simple solubibty 

Besides atammg in the strict sense of the term, certam tissue elements 
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ctn be ■todied niicro*copk*Ily by the method of rmpre gAa tua ■with 
meolbc nJci. In tbii cue the elemeati «te brou^ to rietr cot by direct 
coloretion with a iwhjble dye, but by the dcpoart oa them <jf pardcuiito 
cutcmL It a not pottible, faOTfgr er te make t cdear diatmctioa b etween 
ttamic^ and Im pr e gna tion, for some reelects depend on both pr o cease i 
for thor rt*olt». whole theory of atanung to its appEcttioo to micro- 
tcopic anatomy b a particalafiy compbeated a^ect, aeJ for its chtcosaion, 
u well la for the ptictical detiib of hutolopad technique, reference nmit 
be made to text books wbch deal apedally with them,J 
Histokjgical technique forma the baab of embryoJogical atudka. The 
progressive dcvcIopnMnt of the tiasuca and organs of the body can ^ 
followed by pr eparing aerial sections cct lyitoMticiIly through embryos 
of different ages. Eara sene* of sectHHta then prorideamstmal from wbidi 
the detailed anatomt of the embryo at one particular phase of dcrclopment 
can be stxuhed, and, by linking than up in order n u possible to ace a 
picture of pTOgresairc change as the atreemre of the embryo gradually 
becomes more ebberated. AtfimthbinvolTcitbodiffere&tianoaoftuauea 
of vsjious kinds from embrycnie ceHs of a generalmd typo (kuicgtiKju) 
and bter on the building op of the Tincus organa in thor dfiSnibre form 

the study of the tAstomy of rmnme embryos, and to per 
mh thdr ejammstioo m a three-danexmoos! plaate, enlarged modeb are 
co mm only reooostructed from the sma! tectiooa, Thu b accomphshed 
by making a Urge scale model of each indtndDal seettoo, in the 
pardcular organs oe ttssoes whudi are being studied are plotted out, and 
then, by fitting together in senes the mdirimial modeb, an cakrged replica 
of t^ entire ei^ryo ts obtained The method of studying intrinsic 
aaalcndad structure by the use of aeria] sections and recoaatniction 
modeb is by no means confined to embryology tt b also widely used for 
the ionreaugiucn of the detafled anitotny of mature organs and tiasucs. 

It will be reaSied that i n a t o tok sl methods farrolving the study by 
dmecdon or microacoptc seettons of dead and preaenrd dnues can extend 
beyond the examloaUon of wdiat be termed normal a3cteriat The 
study of pathological material and of material which has been subjected to 
expcnmesital pried urea donna life, b extremely impertant for the efnada 
tion of problems rektting to the gnrwth, differentiation and adiptatlonal 
poteatuSdea of thffetent tbsoes and organs. The field of expeninctiiUl 
anatomy m psmcuUr offers possibflrtjcs for this type of InTes t ig ati on. 

Espa v menial ojutimty as a metlw>d of scientific inquiry includes all 
those expenmentsi procedures whid! are duected towards the inter 
pretttion of oreaa ic structure- The tnalysis of growth m ec l«ntsms > of the 
fsetors which uddate and contrrd the anatocmcal differestuuion of Utsuet 
and organs, of the adaptatioo of cCructure to fimccbn, and so forth, must 
aO be ulumately pursued by the method of etperiment, and, in discussing 
the tissues of Wly in the folkrwing pages, wc shall note how protnineot 
a part b taken by thb in modem anatomical research. By way of example. 

For a brirf Utt *ap»lfc« oewam <rf Om ntkxMlr at cr*sloek»l m J R, 

BikCT C>loJ<i frf r<c*>wpi f Lotsdoc. fjj. 
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the anatomical study of tissues 
vtt may note bcrt *ucii rtudies o the nmstigttKm of the mtnraic uattomy 
of the ncrvoui «y««m by ob#emng die atnictural and funcdoruj diange* 
^rhich ensue after letions involving groups of nerve cells or tract* of fibre* 
the (fucsticm of the ttructural sp«:ifia^ of nerve ending* m relation to 
different type* of »«iMticm the endoenrm control of the growth of bone, 
of the cytltcal change* in the sexual syitem, or of the developtnent of 
tecondary *5X0*1 chatacter*, or the mechanical and chemical ftcfor* 
which Induce or modify titsac differcntUtioa. 

Method* of studying the anatomy of cell* and tusucs tn vtvo and tn 
vitro are dearfy of the greatest importance, aince they provide a me a n* of 
pQ»t mortem artefact*, and *l»o allow a continuou* study of 
ttructural change* the detail* of wWch can often only be inferred indirectly 
by the study of dead, preserved material Cellular organocatioa can be 
studied dire^y m the living animal under high power* of the microscope 
in the case of tissue* which arc suffiaently tranaparent to allow examination 
by tranamitted light For example^ hv apteading out the thin mc*cofcry 
of an anaesthetised animal over a giaas plate, the minute structure of 
capillary blood vessels and lymphadc vessel*, a* well a* their cellular 
content, can be made Tmbk. Living cella winch float freely in a fluid 
medium, such as blood corpusdea or germ cells, can alio be directly 
stuped bv the enroifution of amall droplet* of the fluid freahly removed 
friths body 

In recent year* couiderable pnogrm ha* been nude in the technical 
methods of examining tissue* n two The differentutlon of blood vessels^ 
muscle fibre*, and neim, for e x a m ple, has been mtenuvriy studied in the 
tTa:i^uceat tads of larval ampbibbi^ and it has been possible by sudi a 
method to follow the reachon* of these ti»ue* to mechanical, chemical, or 
other stknuh. Speoal mcntioa should be made of the technique evolved 
by Acoencxn anatomists, which enable* muimnflllan tissue* to be studied by 
constructmg cnsnspsient chamber* in the ear* of rabbits and other Tiim«U 
Briefly thi* consists of punching a hole a * rabbit s ear {under aseptic 
conditiona) and enclosing it betwren thm plate* of nut* or ctDulmd, or 
sotoe transparent plastic material The phUe* are kept firmly in positicm 
by »crcw» so that the are* is effectively scaled off wMle the blood supply 
to the adjacent part* of the car n not dutuii>ed. The transparent chamber 
formed m this way i* filled with ocudate and quickly become* invaded by 
conacctiTC tiasue, blood vrncl*, lymphatic*, and nerve*. A permanent 
preparauoa » thus provided in which the cellular element* of these ti**uea 
can bo watched and studied under hiA magnifications from day to d« 
(and even for many month* or year*) In some caxca, instead of punching 
a hole, the skin u carefully dmected off on each *idc over a circular area 
and a thm transparent layer of the ongmai twue left behind which can 
be studied directly Various modifictftoas and improveinenti of the tmns- 
^rat chamber technique onguuUy dcviaed by Sandison have been made 

from time to tim^ and for many yean now the incthod h*» been employed 

for ^e most intimate study of tmuc growth, differentiation and ictmty 
in the hvuig body ^ ^ 

J a8ttdaQo,Th«trin.p«OTtcfc»mb«rtiftten^ Amtr Jornm. A»mU *l 
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cm be itudied nikw»c*?plc»lly by the method of unpregratioa with 
metalUc silts. In this ctse the dements tre brou^ to view not by direct 
oAonrtioa with s soluble dye, but bj the deport on them of ptrtkulstc 
mstensL It is ttot possible, however to nuke s rfeir dis^oiiim between 
ttsimng and Imprwpatiaai, for some reacts depend on both processes 
for thtir resolts. The vdiok theory of stsijing In ita appScatioo to micro- 
scopic anatomy is a psrticularly complicated subject, sod for hs doamkm, 
sa well aa for the practical details of histological technhjne, reference most 
be made to text-books which deal ^icciaUj with them.* 

Hktoiogicsl technique fonns the bssia of embiyoloeictl atadiea. The 
p ro gret si ve development of xhe tfaaue* and organs of the body can be 
followed by prepanno aerul secdona cut systematically through embryos 
of dMerent ages. Each series of sec&oos then provides material from wmch 
the detailed anatomy of the embryo at one parocalar phase of development 
can be studied, and, by {inking them up in order it is possible to see a 
nkture of progresaire change aa the structure of the e^ryo g^uaBy 
becomes more daborateth Atfiratthbinrolvcathediffcrcntbtlcmof datuca 
of various kinds from embryoak: ceOs of s generalised type {hstogfMtm) 
and Uter on the boHdiog up of the vinous organs in theu- de£nltive form 
[ortamgenetu) 

To fsdlxttie the study of the anstxxny of minute embryos and to per 
mit tbor cxaminatiop in a diree-dlmenajonal plane, enlarged models are 
commonly recoostructed from the semi secdona. Tlda is accompbahed 
by making a large-scale model of each individual seetkin. In wmch the 
{Wtieubr organs or tusuea which are bang studied are plotted out, and 
then, by &ttu% together in series the Individual models, an enlarged replies 
of the entire etMrj^ is obtained The method of studying mmnsic 
anatomical structure by the use of serial sections snd reconatruebon 
modds IS by no means confined to embryology it is also widely used for 
the lOTcatiattoQ of the detaUed anatomy of roxtusK oraoM and tissues. 

It wili be realized that anstomicil methods invtdvtag the study by 
dissectioa or microscopic sections of dead and p res e rve d tissiKa can extend 
beyond the exammsticn of whai miw be terzoed nonoal matcriil The 
study of pathcdogical matenal, and of costerial which has been subjected to 
experimental proaduna during life, ts extremely uttportutt for the cluada 
dtm of problems relating to w growth, dHFerenliation and adaptadonal 
poteotoumes of different tmues and organs. The field of expmmentai 
anatomy in particular offers potalbUities for this type of inveattgtboo. 

Exptnmentel wudomy as a method of sc kot i fc inquiry inodes all 
those oqwnmetrtal procedures vriuch are directed towards the inter 
pretition of orgimc strocturc. The aaaiysia of growth mechanmns, of the 
UOors which uutiate snd cootzot Ihe ansnMnksii differentiatioD of tissues 
and organs, of the adaptstion of structure to funetton, snd so forth, must 
an be uhimiiely pursued by the mediod of experiment, and, in discussing 
the tissues of the body in the following pages, we shsB note bow pTomment 
s part is by tius in modem ansronucal research. By way ca example. 

For • brkf but rtiynmiT ocwcac at tfao nttkml* at crcohefieal wciinliTur re* J R. 
B«k*T CyUhrui TMkMfmt Undtxi, »wj 
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we miy note here such staici as the investigation of the intnnuc anatomy 
of the nervoua tyitem by obsemng the stniiaiiral and functional change* 
which ensue after leaicm* mvolvitig group* of nerve cell* or tract* of fibre* 
the question of the itmcturil ipeafiaty of nerve ending* in relation to 
different types of aenaation the endocrine control of the growth of bone 
of the cyclic^ changes m the *caniai system, or of the development of 
aecondaiy sexual characters, &c, or the mechamcal and chemiad fiictora 
which mduce or modify tissue differentiation- 

Methods of studying the anatomy of cells arid tissue* m ctto and ui 
vftro are clearly of the greatest importance, since they provide a mean* of 
^lirr..n«nng po«t mortcm artefacts, and alro allow a continuoua study of 
structural change* the HriTnU of which can often only be inferred indirectly 
by the study of dead, pr es e r ved material Cellular orgsnixation cm be 
studied directly m the Imng animal under high powers of the microscope 
m the case of tissue* which are suffiaentiy transparent to allow e xaminati on 
by transmitted light For example, by »prcading out the thm mesentery 
of an arfeathetii^ gnimat over s guu* plate, the mmute structure of 
capDlary blood vctsela and lymphmc vcaaels, a* well as thmr cellular 
content, can be made vinble. Living celli which float freely m a flmd 
roedram, such ** blood corpuscles or germ cell* can also be directly 
studied by the examination of small droplets of the fluid freshly nanoved 
from the body 

In recent years conaideTable progress has been made in the tedmicd 
mathoda of tiasuea oi vroo The diff erentiau on of blood vessels, 

muscle fibres, and nerves, for example, ha* been mtenaively studied in the 
translucent t^ of larval tmphibums, and it has been possible by such a 
method to foUow the reactioua of these tusucs to m^f.hVnical , chemical or 
other stimuh Special meutioo should be made of the technique evolved 
by American anammista, which enables mammalian tissues to be studied by 
constructing transparent chambers m the cars of ribbits and other mimaif 
Briefly this conaiiti of punching a hole m a rabbit’s ear (under aseptic 
conditions) and enclosing it between thm plate* of mica or celluloid, or 
some transparent plaatic matensL The plates are kept firmly m position 
by screws so that the area is cffecbrcly sealed off wlule the blood supply 
to the adjacent part* of the car » not disturbed. The transparent chamber 
formed m this way is filled with exudate and quickly becomes invaded by 
connective tiaaue, blood vessels, lymphatica, and nerve*. A permanent 
preparation \» thus provided in which the cellular dement* of these tisaue* 
can be watched and studied under high magnifications from day to day 
(and even for many months or years) In some cases instead of punching 
a hole, the skm a carefully dtaiected off on each side over a circular area 
and a thm transparent la^ of the original tissue left behind which can 
be studied directly Vanou* modificationa and improvements of the trina- 
parent chamber techmque originally dented by Sanditon have been m.^^ 
from tune to time, and for many ycira now the method has been employed 
for the most intimate study of tutoe growth differcntiatjon and activitr 
in the hvmg body • ■' 

J C.3*ad*on,TT»trtwpmntch«mberoftl»ribt^ ««r' Amtr Jan Ajtat, 41 
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U will be rwlcted that the mlcrotcopk appearance of fresh ceil* by 
traaimitted irill not ahow all the ceUukr atmeture* which arc re 
vealed m fixed material b? appropriate adective atainlng Many of theae 
detail*, bowcTCT can be brought to view by the nwidiod of iMTh-ir^nai 
tIbtmnaUtM. The prinapte of thb mlcroacoplc tedudque depends on 
fllomuiatlon by 11^ ray* 'wWch are directed obliquely toward* the object 
of cxaminatKm, luowlng Intracellular structures to ^ shown up by the 
refrtetioa and diffiacdon of the Ugfal ray* *t their surface* of contact with 
the surtoundiftg medium. The method of dark-ground fllummukm even 
permit* the visual demoratratioD of ultra micioacopic particle*, which 
can be perceived Indirectly by the diftaction haloe* about tbetiL Other 
method* are also avaUable now for revealing rtructuril dcttfli whtdi are 
beyond the power* of opdcal reaoludon by the higbett power* of the 
microacope a* ordinarily used These iodude the ktu^ of Unng tlaaue* by 
means of ultra violet h^t, polftmed light, X rey diffraction methods, and 
dectron beam*. With techniques such a* these, it is actually poarible to 
obtain infonnatKHi regarding the pattern and arrangement U the iggre 
gated molecular consutuent* (nuc^e) of Ihing protopUam m different 
part* of a cell, or m cell* of different type*. The clccaroo mkroacopo allow* 
a magnification of a* much a* 35,000 ditmetcTa, but as yet there are 
technical d^culnes which lumt its uae m the ttudjy of bioloncal materiiL 
An Lcoporum method used for demonstratuig anatoaucal dehdU of 
hrme ceiis ii that of ctiaJ fUaxutg Certain non toiic dyea ars'cvailable 
sriiich will stain selectively Unng tiasue without affecting Its normal func 
tiota or vitality Thev can be u«d ether by hijectmfl lolutioni of the dye 
intoanammaldurmgufeftKrre-ccra/etaiDiiig) or by the immersion of fre^ 
rittue immediately after its removal frotn the body m solutioos of the dye 
ta tttre (atfra-estil itnmitg). 'ITjcso method* have been etpcdally applied 
to the atudy of certam type* of connective ustue ceD* (ice p 40) of nerve 
fibre* and nerre endings, and of cjtopkandc content* of the cuch as 
mitodiondna. They lave al»o bew used to good effect in experimental 
embryQk>g>cal*tudies,foritapo«ubl«to mark; certain cellam the derelop- 
ing onbryo by vital staining and then to follow them to their ultimate 
dadny in the subsequent d^erroturtion of the Psaoes (see p. 35) 

The study of living and growing tissue* m esTro has b«sm made pomble 
by the devdopment of the tech^que of tiasue culture.* 7111 # valuable 
technique was mrtiated bv an American anatomat, IL G Harrison, m 
1907 m hi* *tu<he» of the fortaatron and growth of nerro fibre*. Expre»ed 
simply the method coonsts in plactog a minute fragment of fresh dasue in 
a Kuit^le Dutneot medium and preserving it (under aseptic condiUon* at 
a suitable temperature) in a seal^ cfaambo on a nucroacope slide or in a 
watch-^tss, assk, or some other glMS receptacle which enables it to be 
examined mkroacoptcaliy 

ifixS E. R. Ont f* a/.. ‘Baum toodiScatkn* la dw method of atodTitif Hriaf cafl* kt 
OTOfparmtcfaetttbef*’ AmtURM 47 mo Ift-H Ek>«rt,H.W FIonv.ndB. D PoIfiBeiT 

A taodiflotUctt ot die a«adt»cm43*A cW»W Pta.B*et4B 1939- 

For s tlMct *030X11 at tbe tacfanlqtw of taoDO cnlcon mm th* oo tbJ* oili^Kt 

fat ^ book br W SoJoy L oodo o , <91^ nwr* tkttOKl •eeouot to* 

R. C. Peiar UttMtA tf tuam Oafnre N«w Yetk. 19^ 
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In Hamson • onginal tedmique, anbryonic tmties were placed In a 
hinging drop of lymph o ver the depression of a bollow-»ground elide 
Blood plasma was later lubatltnted for lymphs as it proved to be a more 
effective culture medmnu It forms a solid coaguhim over the surface of 
which ccH proliferation can readily proceed- Nutrient flmds are required 
for the continued survival of a culture as well as frequent washing to 
remove metabolites To emulate growth and differentiation of cells 
tn Giro (apart from simply maintaining their vitality) embryonic extract 
18 now also used as a n-gnlsr constituent of tissue-culture media, for it has 
been found thit this extract (whidi b the juice obtained from crushed chick 
embryos) a particuUrly ndi m growth promoting substances. 

AVith the use of the tueuc-culturo technique it has been possible to 
study the growth and differentiation m vttn of a great vanety of tissues, 
such as muscle, nerve, and epithelium, and even to cultivate the embryonic 
rudiments of whole organs such as the eye and internal ear or a limb bud 
Perhaps the most remarkable result of uua work has been to demonstrate 
the aroaung fjcwera of self differentiation of embryonic tissue* when they 
are allowed to continue tbeir development completely isolated from theu’ 
normal environment* 


3 THE anatomy OF THE CELL 

It has been noted that all Irving tisnies have a cellular buts. The study 
of tissues as ocgonlxed livmg matenal must therefore be preceded by a 
CQDiideratioo of the anatomy of the celh 
The essential anstomical features of the living cell m^ be deacribcd bv 
reference to a gcneralired type of cell found m embryonic and adult con 
nective tissue — the fibroblsst (Fig t) 8 uch a cell is composed of a mmute 
fragment of a jdly like substance called protoplmn, m the middle of which 
is a rounded alobuie, the nucleus. The protoplasmic basis of the nucleus 
IS termed the hzryoplaxwi, and that of the cell body m which it m embedded, 
the cytoplasm. Since protopUim is the material substratum of all Imng 
processes, its structural composition has for many years provided one of 
the central problems of cytolognad study 

Until comparatively recendy the interpretation of protoplasmic struc 
turc had been vitiated by the fact that it was mainly studied in dead tissue* 
preserved with fixative* often dchTdrated by treatment with alcohol, and 
prepared for sectioning by embeddmg m ^laraffin wax or some other sub- 
stance. Evidently treatment of thu land is likely to dwturb considerably 
the finer microscopic details of ceUolar structure and to distort the artiiai 
anstomical appearance of the cell as it really existi during life. Even the 
direct examination of pieces of fresh tissue immediately after they have 

been removed from the body does not avoid the possibility of port mortem 
artefacts. For unless the cells ire kept alive by the ipeaalited technique of 
tiasuecultme, they rapidly undergo degenerative changes, with coagulation 
^ A gme^ acpjqpt f tberswhs low bmn sehkiTsd by tbis twtok™ 
cultm* to giro ^ K. N tn hb iKiok Ttow CWfw» Loeidoo7o35^ “***** 
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of the protopUasL In thb cue, mlcroocopicil exammttion giro i 
e of >^rut£ or e detd cell but not the true ippeannce of a neilthy 
_ cdL Fmfllly it « to bo remembered that, cren if thor ntiLty and 
girnTth are maintained artiSotllf all tlnues removed from their normal 
enviromnent m the hvmg body for craminadoii n must for this 
very reuoo be abnormal, and the cytologist a required continually to taV^ 



Fto. I Dnwinf of Urkig call (Qbrobtait) m coder Uffa nitfniflcatlon with dark 
SracMtd {Qomhtatioa In col tuf e of embryonic Umub. Tb« Tn>ri«ua k ^ 

nnrlwr mohnoe end (wo oocicoQ, Sm itt rad fa the i jti.nilmiii arm maar flfa- 

TTMnfnj^ mboeboodm, and naar th* mtrimm ar* tJany of falghlT nfractiW Ctt glonilea. 
* * ^ : ooo (Drtviaf by Dr IL B. FcQ.) 


tha Im into confadermtion m hIs attempt to construe the normsl anatomy 
of tasue elements. 

Cytoplasm On the basaofthe examination offixed and stained tasuea, 

It vu generally supposed that cytoplasm hu a definite reticular structure, 

being composed of an exceedmgfy fijoe network of relatively solid or nscota 

fibrils enclosing m hs meshes a more fhnd subatance. It is now recognized 
thst tV« appearance is the result of the formation of a coogohim or pred 
pitate in damaged cella. Hie su gg esti on that protoplasm has essentially 
a granular structure hss also been disprored, for the fine gnumles often 

For racm 0>i*iMats on tha UTDetan of tfas ocQ and bi cooditmt dfaiMDtt, tafenoca 
wy b«m*d«ti>Tirfaai article* fa (^lafacr CiO FSjsfakcr edlMd by O Dntree, 
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m r^lli p«n be hy ccatnfugtng letvuig t clear subatancc 

xirboee fimctioitt u Imng protop^sm are not dtsturbeo. 

Inabealtliy living cdJ of a generalized type, tmcroacopical exarmnttioti, 
CTcn under the highest powtn, ahowi that the cytoplasm u opucally 
ftructurdc**. It is, m fact, a homogeneous tvstery flmd, containing in 
coDoidal solution a number of chemwal substances such as proteins and 
lipmds, as well as crystalloids ra true moleculsr sohitiom This is not to 
say however that cytoplasm is homogeneous m its physical and diemical 
constitation mdeed, there is mdircct evidence that this is not the case. 
But such invisible differcnuatioQ as exists vs not necessarily static its 
distributional pattern may be suppoaed to fluctuate continuously with 
varying physiological condinoos. In certain types of cell Intrace l luls r 
dimirentuUon of cytoplasrmc structure may rea^ visible definition and 
appear relatively Examples of such a differenuttion are the stnstions 
seen m vDhmtaiy muscle fibres the fibnUse of nerve cells, and also the 
diaractenstic spmdle formation that occurs during cell division- There 
IS still considerable doubt, however whether such structural appearances 
(as seen In fixed preparations) m all casts accurately reflect morphological 
reality althou^ it may be accepted that at least they betoken some 
differentiation m the physical consistency of the cytoplasm- 
That the cytoplasm of most cells is a fluid of very low viscosity is shown 
by the free movement of particles within it, the diffdsion of soluble sub- 
stances which hive been Introduced by micro-mjection and the effects of 
ce ntn fugmg Towards the surface, however it is usually more of a gel 
m consistency and this zone is sometunes termed the ectoplasm. But 
there is no inarp boundary hne between the ectoplasm and endoplasm, 
and both are capable of local and npidly reversible sol-gel transformationj 
m the course of normal cell activity ’^en a cell u injured or Idlled, the 
cytoplasm ts s whole becoToes converted into a relsuvcly stiff gcL The 
surf^ membrane of a cell is called the plasma membrane and u believed 
to consist fundamentally of t bpoid film of molecular dnnensiom to which 
IS adsorbed a layer of nroian. It is of the utmost importance m the con- 
sidcrition of the metabolic setmty of a cell m relation to its immediate 
environment m Irving tissues, Tlus becomes obvious when it is realized 
that all interchange between the cell and the sarrounding medium must 
tike place through the plasma membrane, whether this mvolves the transfer 
of nutrient substtnccs mto the cdl or the discharge of metabolites and other 
products of cell setmty The plasms membrane, mdeed, a the anatomical 
and physiological boundary between the cell and its ennroiimcnt, and for 
this reason tti precise constitution has been osie of the most important 
objects of cytological study m recent years. 

Within the cytoplasm of cella there are generally found certain essential 
elcmenta which are believed to be of coanderable importance, even though 
their function remains obscure These are the tmtoehofuirta and ^ 
Both these atnictures are evidently living components 

hjtodioftdna are minute filamentous or granular bodiea usually scsttered 

throughout the cytoplasm, but m tome cases, particularly m seartoiy 
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ceUt, cpngregited m dove rebdoa to the nudem (Fig In the Itrtng 
cell they tre tctrvciy motile, and m dncmatrgraphic recordi of cril* grown 
m titiue culture thir arc obeerved to be b continual writhing roorement 
‘and to be capable of muhiplTins by dtvbioiu In number tl^ range up 
to aeveral hundreds m one cell Bqrond tbe fact that they are composed of 
proteins and Upends hi VarylM proportlona, Ettle is known of their chemical 
compoaitKm, and atiU lets u known of their functional tignlfictnce. It has 



Fto. 1 . A matac atm ccQ fnn tb* •pioAl «m< 1, tbowina dw GoW opemut n ta 
totT«Ihd«r mlaitara. (FranW G F«n5el(L) Fox tbe iMetftnce o/ Q m C«tfj tpptrttoi 

io itmdakr wB we FIs. M. 


m glandular cefla, a^^onn the biata for tbe differentiatKin of 
tores as the hair Uke processes of ciliated epithelium and tbe myofibnllse 
of musde cells. However suchadir«cttnnafQrmatK)nuimpro^b(e,and 
tbe most that can be said at present ia that mitochoodna are in some way 
closely associated with tbe daboratjon of products of cell activity probably 
threra^ the activity of intracellular enaymea which are coointrated at 
tbdr surbees. 

The Golgi apparatus ts a protcolaamic retkuhim common to all types 
of (Fig a) Usually sltusteo around or in dose proxinuty to the 
nudeus, it undergoes a c har act ens tic dtsplaccment in glandular ccHa in 
i^tkm to tbcir accretofy acbrity In other case* it may become cGspetsed 
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thronghout the cytoplasm in the form of fine gnnule»t and it undcrgoe* 
rapid dmntegration m degenerative conditions. The Golgi apparatus 
vihich cm be danowtrated hutologicaUy vnth such reagenU as silver 
nitrate and oemic aad, vm by some observers regarded as an artefact, but 
It has now been observed in the bvmg and unstained cell Its existence as 
a definrte structural entiw is also confirmed by the observation that it can 
be displaced without Icmng its characteristic discrete appearance In cells 
which are submitted to great centrifugal force in an ultra-centnfuge,' The 
fact tbg t U IS displiced centnpetally also shows that it is composed of a 
substance less dense than the surrounding cytoplasm. Its connexion with 
cell metabolism is suggested by the fsa t^ m dose topographical relation 
to It there are frequently found small vacuoles m the cytoplasm which can 
be ftuned with neutral red. 

Also situated In the region of the Golgi apparatus is to be seen m 
appropriately stained cells a minute dot, the cmirtoU which is sometimes 
do^le. This marks a pomt of protoplasmic condenntion, and its signi 
ficance he* m the part it play* in the process of cell dmrion. Hence the 
ccntnole is usually absent m those specialised type* of cell, for example 
mature nerve cells, which arc not capable of didding 
The nucleus The nudeu* of a generalised type of cell occupies an 
tpproxunatdy cenUil position m the cytoplanot and it » endosM m a 
de^ite membrane, the nuclei mmbrasu It osualiy contain* one or two 
small, round, and highly refraetde partide*, the nucltob which can be 
moved quite freely within It (Fig i and Fig 104) In Imng cells, the 
nudeoU may show a rather irr^jular contour Like the cytoplasm of the 
cell body the karyoplasm of the nudeu* generally appear* to be a struc 
turally homog en ecu* fluid in the normal living & fixed and stained 
preparation* bowerer h show* a fine network mterspersed m which are 
minute granule* The substance of which the network 1* composed U 
commomy called chromatm^ because It shows a marked tfl&ni^ for basic 
dyes, and In it* chemical composition tt is characterized by it* rich content 
of nudeoprotem*. There arc reason* for luppoeing thi the ch fomahu 
fikments visible m the stained nucleus may actually exist as morphological 
entitle* m the living cell though they are here invisible because thdr 
refractive mdci is identical with that of the medium m which they are 
embedded. However die fact that the nucleolus can be moved about quite 
easily withm the nucleus suggest* that the filaments can hardly form a 
ngid meahwoik. 

In typical cells there is but one nudeus but in some there are two or 
more. This may be the result of the incomplete separation of iSter 
division or the fusion of ongmally s^jarate 

The nudeu* is the controlling centre of all cdlular mctaboUsm, Not 
only do the vinou* functional activities of the cell depend on its mtegnty 
but if rt u damaged and destroyed the whole cell uudergoe* rapid dis- 
solution ^ 

Cell Inclnslons Whhin the cytoplasm are frequently to be found 

H. W B**im md R. L. Rioti The eateta of ullrecwtrffminft upon tb* Gold 
ppM«o» Atm Rm 5 * 1954, 
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partldei of bert doc Itring nmenal wJjJdi «re ehher ttkea up *ec»Qd»riIjr 
by the cell from the itirrouading mcAom or dee »re producti of Ite own 
tetrrhy Exxi^lee of such inclusions are frt globi^ (whkb tbo^r • 
t e nde ncy to coUect In proiumtr to the nucleus) the s e c/e t oj/ granules of 
gkndultr ceils, “pinnent grtmle*, tod atriwhTdratc in the fonn of giy 
cogen (ts In the Erer). In the one of ceils Wbldi tre tctirely motile or 
xmoebotd the cytoplssm mty cootiin a variety of ingested materul as, 
for htttsnce, the remams of dfbra removed in the process of repair 
after twue destiucdcm, or foreign particlea such as bac te r i a. 


4 CELL DIYBION 

An ceils which hare not uodergooe extreme morphological specahxation 
are normsCy capable of prohferatkn by dividing llie usual mechankm 
of cell divkuxi u the rather compheatM process of bat the celli 

of some tissues (e.g cartiisge ce&s under certain conditions} tre behrred 
to divide occaikMully by the simpler method of awalcns which involrm a 
direct con sCftc d on and splitting of the nodeus mthant any apparent pre* 
Dzmoary xnatonucal changes In the latter 

The proceaa of mitotic dirttion k essentially a tnechanitm wberdiy the 
betediticry tmhs or ;nus b the ‘mother cdl am passed on m their fall 
coatplemat to the daughter cells The genes are omed by dken^ 
fiknwif or rcid>«htped Whei witfab the nodeus, called ehnmtaamu. 
Although the litter are usoally bvlalbk b resting nodeus, there is 
indirect evidence that they pemst as separate units between one ccH 
divitioa and the next. The number of cfartBposomo u constant for any 
one ^pedes b human cdla there are forty-dgfat. In scene soimsh, also 
the bdmdual chromoaoses b each cell show chuacteristic differences m 
szxe and form. In the first stage of mhotic dfriaxni (propfaase) thechromo' 
tomes become visible, and, ts the result of losuw water scqmre a mater 
density They eppetr ta fine convoluted thmaia which are alrssoy split 
longitudmally bto two parts, the dovmaii^ (Fla, 3 ii).> If there rennona 
some doubt whether the chromatm network of w nndeus b a quiescent 
stage represents a real structutal d iffere ntktiop, this is not the case with 
the chromosome filaments b the ptuphsse of mitoais, for mkro-dasectloQ 
of the livbg ceQ baa demonatrateu that they can be pulled out m loops and 
stretched itith a fine needle pomt- 

As the chromosomes become apparent, the midear membrvne begins 
to dhbtqrrtte and soon d uap pe ar i ahegether At the same time the 
cestnole (u h h not already d^le) diridea into two and the Utter more 
to opposite sides of the nudetta. Between the two ce ntn oles is formed s 
■one of modified cytopbam tenned the fgoutir In fixed pteparatioos k 
ttseea to be trsveni^ 17 a system of fixw fibrlllse, the ;^£adi!«,/ifrro which 
extend, Hke a senes of lines of foiec, from ooe ceotiiole to the other 
Tboe fibrilbe however are not dUcexnibte b firbg cells, and are to be 
de>*tlWtfafaeat M a tn w«tthii*t»«»«r»aatod<od.te-entL 


tbmd c»fl*d 
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rtrirded as artcfactfl produced by ahnidesge dunM fixation. As t^ cen- 
taoles move apart, the nuclear elemcnti come to be in the central region 
of the epindle, the chromosoroes srrsnging themselTes in s radiating 
formation around its equatorial plane (Fig 3 iii) At this stage of mitoaia, 
which IS termed the mOapluae the chromoooniea become ahorter and 
thicker and actual diaaectioa of the Imng cella ahowa they have a viacoua 






Fio 3 DwfTvm the different pbMca lo th* tnltotlc dWUon of a I md 

B. proplMae ^ metapbna rr cad ▼ usphcM t 1 trlopbcae. It wQI be uodeistDod 
dial ilxaepbaaea tie aiUtrui^ defisftd foe aawzVjrrivacsnveiikrure, 

xra Dot iwplr aepcTabk, me* tbey ree ntam t In a cocticnKiua proesM. (Pnxn 

H- Gray ) 


coftiifteiicy vaA tre apparently capable of active toovtiiient- In tbc next 
■tage [atu^Jiast) the two ciiromatida which form each chromoaome arc 
dragged apart and more in opposite directiona towards the extremities of 
the spindle (Fig 3 v) The central portion of the spindle now rin tiga tf 
and ts a consequence the two seta of chromatids (whkh now become 
tbc cUu^bter chromosoines) are sepanted still farther In the last atsge 
of mitosis (UlojAiae) each group of dau^iler chromosomea is Ijy 

the formstiem of a new nuclear membrane, and the mdmdual chromo- 
somca appear to undergo dissolution (Fig t vi) It 11 beheved howerer 
that whit really happens ts that, as ttie r«ult of some physi cal or 
change they become mvisible to ordinary ersnuitatiom At the same tune. 
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the cell body itKlf divides by a constricdoa which murowi down to a fine 
thread and finally ruptures as the daughter cells draw themselres apart. 

The whole p r o cew of mitom, as aeen In tissue cultures, takes from thirty 
mmates to two or three hours to complete. The duration of mhosis in the 
firing bo(^ has been caknlated by Indirect methods. It has been shown, 
for example, by correbtmg the Inodence of mhodc fig ur es with the growth 
rate of regenerating fiver that in this tissue esch mitosis lists on the 
average forty nlna mirrutes.* There is evidence to show that, under normil 
condrtjons of light, there k s twenty four hourly rhythm in the mitotic 
divition of miTOt ceUs, a rhythm which is well known to occur m plants. 
It IS mteresting to note, also that thu periodicity is aboltsbed by continuous 
exposure to li^t, but not by continuous darkness.* 

Mitoaii has been recorded dnemstogniphically and the films giro a 
very nvid impression of the dynamic energy whi^ k opended by a cell 
when It dWdet, The active motility of c»3i chromosome, their l inin g up 
and drawing apart In the eqaatodal plane, and thev mass movement to 
opposite poles are ftipiesai ve of the churgts going on within the cell. 
More strmng still u the m o ve m eot winch inv^ves the cell as a whole. 
The kst phsM of drmion are accompanied by the continuous protrusion 
and retnedon of pseudopodial processes which, as seen on a speeded up 
film, suggefi a sort of ener v esceoce of 'bubbling incrcsstng m mtcnaity 
as the danghter cefis struggle to separate themselrea. Finally when the 
celU more away from each other drawing out a fine thread-Ukis connexion 
of protoplasiii, the effervescence down and the cefis resume thar 

normsl appearance. 

During the maturation of the sex ge r m n^Jk forum and spermatoxooD^ 
a type of cell division occurs which m general resembles mitosis but is 
much more complicsted. It k esUed mauu The pro cess of mstniabon 
involves two of these highly modified cell dinslona, which allow for the 
interchange of the hereditary m at e ria l between homologous chromosomes 
and also r^uce the chromosomes to half the number found in somatic cefis. 
Thk reduction (which occurs in the first rnootui- divklan) U a pccctsiry 
preporaticin for fcrtilixatloci, so that when thu occnia the mmglmg of the 
male and female chromosomes reproduces the normal number For the 
detafis of r ef erence should be made to standard works on genetics.* 


A. M. Bniea and B. B. MnU*. An malydi ot mhoaii in Urv natncxtiac J aar a . 
^ i^ad. S5 9J7 

* A. CtxlatDa. A tfaytfmlril pariodkhv In tba inko d c dlrUai of arrfmal calta jemn. 
For b^S'iKcoaDt Ma E. BL Foed, Qmttbn ftt Stitdmftt L opdon, >44. 
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THE DEVELOPMENT OF TISSUES IN THE EMBRYO 


1 THE EARLY DEVELOPMENT OF THE HUMAN EMBRYO IN 
BRIEF OUTLINE 

T he rudimeati of the maio t»uc* of the body are bad do^ In the 
human embryo during the firat few weeki of development. In this 
section a brief aketch vml be given of the itnictural transfonrationB 
whereby the fertfliied cjvum is converted mto an organiicd embryo m 
which these tissues assume a definite morphological plan. 

Fertiluation of the ovum by the sperm occurs during its passage down 
the oviduct (Fallopian tube) from the ovary to the uterus The mitiil 
stages m development therefore tike place m the oviduct, for it is probably 
not till three tkya later that the segmenting ovum reaches the uterine 
canty where it becomes implanted m the uterine mucosa- The entry of 
the sperm into the ovum provides a direct stimulus which mitiatea the 
process of development 'ITk nature of this stimulus u probably of a 
simple type, for in lower vertebrates (e,g amphibu^ ctH dcavage m a 
urthenogenetic egg can be induced by cmple mecharucal stimulation, 
^e ^lerm also contributes the patenui quota of hereditary factors and 
the p:^ which it taka inside the ovum ta one of the factors which helps 
to detennine the plane of cleavage when the ovum first divides 
The rapid cleavage of the fertfliied ovum soon transforms it mto a ball 
of loos^y pacied which are anatomically simflir except for slight 
differences m sue. This ts the morula (Fig 4 a) The cells of the morula 
(b L at of TK r es) next become arranged so as to form an outer layer or capsule, 
snd a central core. The capsule, which u called the fropAoWart is concerned 
with the nutrition of the early embryo but takes no part m its ■mul forma 
tioa It need not therefore be considered further here except to note t-h*t 
it becomes elaborated to form vfllcnn processes (chononic vilh) whicb 
penetrate deeply mto the utecine wiD. whhin the trophoblastic capsule 
a cavire appears, filled with a gelatinous matrix. Aa a result, the central 
core 01 cells becomes pushed to one side, and forms a locahxed dump the 
ttmer cell mau which is attached at one point to the inner sur^ce of the 
trophoblsst- The whole structure is now termed the blastocytt or hlortvla 
(Fig 4 b) 

Next, the inner cell mass becomes differentiated to form two hollow 
vettclea whose walls are each composed of a single layer of cdls The 
upper or dorsal vesicle is the amtuoUe centy the lower is the cavity of the 
pnmitivo gut or arch^nUron (Fig 5 b) The cells linmg the amniodc 
cavity are partly coocemed m tormmg the skin (epidermis) of the embryo 
■nd ^ termed ectoderm. Those lining the arriienteron will later provide 
the lining epithelium of the alimentary tract, and comprise the enWerm 
Lastly m the gdatmoui matrix fiUing the rest of the blastula, there 
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tppetr loosely arnm^ed tpmdlo-thiped ctUi. These co ntri bute to the 
fonnxtlon of embryoDlo connectiTe ticsne and are coDec ti rely termed the 
pjmAiy mssodtnn. At thia early atage, therefore, the three prim ar y g er m 
layera of the embryo are eatabUahed.* 

The orainizatioQ of the embryo itself occurs at the area of contact 
between & amnioric and archentenc Tcsicles. Here, where the ecto> 
dermal and entodermal layera of cella are prosed together In dose contact, 
a flattened, oral blUmloar pkte appean--the twt h ryonu £sc. The dorsal 
aurfece forma the floor of the anmlotlc sac, while the rentral aurface is 
cqmvalent to the roof of the prunldre gut. As dcrelopment proceeds, the 
flattened doc bccomea co n ver te d Into an dongated cylmdneal embryo 



This occurs aa the lesah of the apamlon of the ammotic aac and the 
growth of the em luyon ic doc itadf The l att er bulges upwards mto the 
amnlotic cavity and ta gradialty p m cfa fd off’ from the upper aurfiwe of 
the arcbenteron fFig S c). Ehmng thla process a part of the arcbenteiic 
cavity mclnoed w i t fam the body of the embryo to form the 

otira-twihryonic gut the greater part remama outside as the txtra-tm b ry oMi c 
gta or yolx ate. The restricted commankation between the yolk me mad 
the liitrs*embiyonic gut ta the vTteffine duct, and thh becomes na r rowed 
down untfl U h finaUr obhtcrated. 

The caudal end of the embryonic dbe h attached to the will of the 
by a aohd rrn— of mes^eem, the bo^ rtaffL 'Hut proridea the 
fOT the derdopmect of the umbilksl and through it blood- 
'iT tir li come to from the embryo to Taaculame the developing 

pjacents. 

*" At about the fifteenth day of derdopment, the embryomc disc begins 
to nnd«go impoctant chan^ Viewed from hs dorsal aspect, an opaque 
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median ttreik comet Into view ertcndm^ antero-pottenoHy in the audal 
oart of the due (Fig 6). Thn u ihtpnmttm rinak, i ttructure of great 
Lmtficance imce it maikt the cto of the fiiat tettve differentiation of 
tOTuei. The pnmhrre ttretk, in ettence, u a hnear tone of ceU ptoWcia 

non m the upper (ectodetmtlfturfaceofthe embryonic duo. AIangft,the 



Flo. 5 D li»f«a iOuttsstiDS tbe fivoatiaa of tbo Injrian tiabrp io eariy derdopenant. 
A. BJaMocTBt tbtmios tbe ptner ceU ebmb (/cw.) rturVioad wbhiD tbe tropbobUat (TV ) 
B TTaafonnalfaiCoft^ ■mpki<io»*c(alt.)toeii^ cgtedapa,ipdxfa6«Tt±ieP tt TOCi(Ard>0 
Un*d by ocnodann, k todkded. Tha cpmhdlal wiBa of tbesa ma aia co a a od by a 
f D M ao j i im (Ma ) which k crawimh^ by tbe body ttalk (Bi ) with the luModAm 
Hning tfaa ttopcobkat. C. 'Iba tnmiotio aao hai nenr cxpaiuUd and tlw a mlnyLt be«iDa 
to tua ihapa. It k ctrrtred domOy by cctodann. 11# archeoteroo hta bacotna 
into tbe intia iiiibajinik got, and the tartra wnbryrxk got or yoft lac ( K ). TIk 
of the fattn-c mbi y uu ic got k icp afata d &om tba mack^ by Mcaodary mt-nrtwrtti except 
in Iroot and babt^, whm tbay are in cocuact, fonning ntpcctirciy the bucco-phaxyngcal 
and doacal manbazxx. A totnlar ootodcmal dhenksthn from tbe hkMl md of tbe 
got, the antfifnh (Af-) axtenda bade tom tba boaiy atalk 

proUfenitmg ceU* tink ifl tnd then extend forwtrdg ind literally bcconung 
■andwidted m between tbe ectodenml and cntodcnml liyera of tbe due, 
Thn newly formed tmue a tbe ttajndmy vttsodtrvu 
From the intenor end of tbe primluve itrcik (which foimi a knob-Uke 
thickening— the pns nUrx fetof) tbe meioderm extend* forward* under 

neadi the ectoderm In dole cxrntact with tbe roof of the goL TTiaiatcnncd 

the ktad prtxtss and tt become! moulded mto a loiid rod of cell*, the 
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ttoiocftord wlucii extend* along the median cxlx of the embryo. Hie noto- 
chord pronde* the btxa fortbe firture development of tl»Tert^ril colomm 
The lateral extencop* of the cell* of the piimiUTe streak fonn a longUu 
HtTrtl max* of Qxtee on either stde of the midlinc, the axial maodam and 
tlxo xpread out farther to form the mcaoderra of the body wall. 



A* we ahail tee the prohferaljng ceUx of the pnrnrtive ttreak act only 
becoroc thcmtclve* differenttated and anan^ to fonn embryonic xtruc 
turea, they al» *n organutng xtibttance of * chemKai nature 

which a able to mflueoce xurroondjog regton* of the embrjromc disc and 
to induce changex m tfusm which lead to the differentration of a number 
of other Xtructurex One of these i* the «»ra/ firiw—the forenmner m 
OTbm>oftf«bramojd,ptnilcord, .u ^ ^ 

Tte dcrelopiog ncrroiu •yrtern fim lxax*na irvjdra! a I thickmcd 
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pUtc of ectoderaul celli, the iKurtl pUte, eJtendmg forwirfi^ong the 
^-donal line from the front end of the pnrnmve ttaak. The 
pUte *mki m along its tnedian arts to form the neural groove, wMc itt 
Utenl margin* nse up a* the neural fold*. The lips of the neural folds 
then become approxunated and fu*e toacthcr The funon of the neural 
fold* fim occurs m the nuddlc of then- length, and subseouently extends 
forward* and backwards until the whole of the open neural groove la con 
verted mto a closed neural tube. Finally the neural tube nnk* below the 



Fro. 7 A crow wetioo throo^ Uie bodj ol u caH/ esahm alxnrlaa 

nub fflcton*. EcL EctodcniL N T Htuul tube. N Or Nam] tfot. iSp M^Mome. 
Sc Sderotoew. At Aoitt. titU Noto chu fd. iwt. C. St Inlezmedste ccD cotM. At// 
McaoiOtrT SW So u iatopkarm. SpL Sphodiaopknr*. E*X RotixUrtn- 


curftce and becomes s^^nted o 5 from the ectoderm (from which it was 
mrtiaUy denved) by the mterpoaitioo of mesodermal tiss^ (Figa. 7 and 1 13 ) 
Even before tbe neural groove becomes doted, its front enA shows a 
conspicuous enlargement idnch mark* the commencing differentiaticm of 
thebram. Thisctpaniion become* still more obtrusive when the formation 
of the neural tube is completed. The greater part of the tube, ho w e ver 
retami a fsiriy even calibre, and forms the spiral cord (Fig 8) 

Attention may now be turned to the meiroderm. The stuI meaoderm 
(dtnved, a* we have seen, from the cell* of the primrtrre streak) undergoes 
a •egmentation which is tbe primary basia of tbe segmental chuacter of 
the vertebral* body It thus forms a scries of rtctangmarblodcs, or mwfrx 
ranged on chher tide along the developing neurtf tube (Hga. 7 and 8) 
The somite* are for the most pan compost of compactly arranged 
and fonn the wtyiUmtx which gtvc rise to a considerable proportion of the 
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•omttic or vohmtMy mmcalttore of the body 6thcr pomoni of the 
somitet cootributs to the formattoa of the uoal tkeletoo and connective- 
tlooe dement* of the ikm, and here the amttitaent ceMt are k>o*df 
arfltnged la a fauij abundant intercellular matni, Thu type of embryonic 



jaeaodcrmal tuaae (which u also found m the body wall and d«rwh«r) u 
tetraed vmtmchYm* 

Farther laterally the meaoderm becotnea aplit mio two layen by the 
appearance of a omty— the coehmtc cavuy The latter repreaenta the 

tbm crrtw fi«* »PP«*w “ *1** hmoM ts»b^ t% drft in tb* pmvy 
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first *ppearancc of the body cantic* which persutM the pentotwal, pleurtl 

and pcnc»rdi»l »c*. The outer layer of meaoderm prondea a aubrtrattim 
to the ikm of the body will and » termed the samaiopleurt The inner 
layer or splanefmopUure cov er* the entodennai lining of the pnnutivc got 
A portion of the aplanchnoplenrc i* inco^rated m the wall of the yolk 
tac and 0 not concerned, th eref or e , with forming any part of the embryo 
Itself the part which contribute* to the wall of the intra-^mbryonic gut 
provides the bars for the devdopment of the visceaal mus culature and 
connective-tiasue element* of the alimentary tract. 

We have now reached the sti^ m our d«cn^on m which the embryo 
0 b^mning to aa mm e it* dittmctive ahape. It 0 covered on it* outer 
surface by embryonic tkm or ectoderm it contain* a cavity Imed by ento- 
dcimil cell*, wmch mafki the beginning of the aluncntary tract the 
nervoui tyitcm u represented by a oosed tube of ectodermal cells beneath 
which he* the notot^rd and ^ mesodermal aomite* are m poutioa on 
either tide of the cq*. Further dctaHa regarding the histogencso 

of various tusuea will be deacribed m other chapter*, but bncf mention 
may be made here of some of the ensuing Stages of development of the 
embryo as a wbole, m order to provide a ba*i* of refertn ee for the problem* 
which are discussed later 

Tbe anterior end of the neural tube ex^da to fonn a senca of three 
vesicle* from wbidi the fore- nud and Wid-bram are re sp ec ti vely de- 
veloped, and the precodous development of the brain leads to an early 
enlargement of the bead of the embryo Tbe eye* fint apmear aa bilateral 
outgrowth* from the fote-bram vencle, which j.pproach the surface ecto- 
derm. Tbe notochord become* •urrounded by a condenaation of meaen 
chyme whi^ n demred from the mesodennal aomites, and which later 
undergoes diondnficttiQa and ossification to form the bodies of the verte- 
brae and the basal elemcntt of tbe akuli The notochordal tissue itself 
eventually become* obliterated except for ves fagkl remnant* which are 
ftiU to be found m the aduh. 

The mtra-embiTomc gut u at first a closed cavity except for its com 
murucitirm with the yolk ate. Its front part (Lc, tbs anterior end of the 
fore-gut) forma the pharynx, m whose waHa arc devdoped a sene* of 
arches which nv lower vettebraie* provide the baao* for the development 
of tbe gill arcfaca. These arches ore ilcmarcated by mtervenu^ grooves 
on tbe ootcr and mner sur^ce of the pharyngeal cavity the txtemal and 
tnternal pfiaryngtai cUfls Tbe anterior extremity of tbe pharyngeal canty 
cornea mto contact wi^ an ectodermal depression which sinks m from the 
surface, the primitiTc mouth or stomodaoH (Fig 5 c) 

At first, the stotnodcal pit is separated from the errity of the gut by a 
tbm membrane— ^he haao-pkarytigta} airntrcne— formed by the direct 
contact of ectoderm and emodertn, but dus toon breaks down so that tbe 
iJmaentary caviw eatablishc* a communication with the extenor throueh 
the opening of the mouth. Smubtly at the caudal end of the embrfo tLr 
«vity ^ hmd-gut U separated from a surface depression, the proetj^ 
dnm^ by the c{oa£al manbrane Tbe Utter alto break* doi^ and xn this 
maimer tbe anal and gcmto-urmiry apertnrea become eatabhahed. 
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It ibould furtber be noted tlart from the region of the hiad-^ t instil 
<hvertiail»rprQce**growtoutintotijcinfiaodennofthebody*tt3i(Tlg 5c). 
Thtt a ti>e allcpdou ^ ttructuro of con*idetmblo importmcc m the etriy 
derelopment of knm ttrtthnte*, but whoic ftmcdooal tignifictace In the 
honstn emb^ si doobtfuL 

When the intri-embryonk gut b fim formed, it « » tnnplo elongated 
cavity ttretedung £njm the ttomodenm to the proctodeam It nqndly 
beoictes lengthened and coded, bowemr and ben and there it sends ovt 
diverticula widch ftrm ^ bwis of gfatnda whose ducts open mto the 
sUmentary tract of the adult 

The heart fir« aK>esrt aa a bilateral tubular itructure m the tplinchtto- 
pleure in dose reladon to the fore-«it, and its rapid enlarganent gives 
nac to a coasptcuoua prcmhicncc in wc early embrro between the phaiynr 
"tod the italk of tire yoDc aac. From the heart, blood vesscli (wmch are 
differentated la moeachymal tasue) ortend out into the body wall of the 
embryo, to the wall of the yoQc sac, and alao through the body atalk to the 
dert^k>ping pbeesvta. 

The of the gemto-urmary apparatua is laid down m mesodermal 
tiaoe situated at the pmctlon of the somitopletire and tplanchnopleure, 
ventrdittetal in poatoon to the somltea fFjg 7). Thil tract of mesoderm 
ii termed the aUtrmeduat aU wua Here the wmadi (ovary ear testa) 
become difFerardated, and a *mes of ducts tad tubules also appear in 
it, which form the bssu for the derelocmeat cf the duct of the testis, 
the oviduct, the secretory tubuks of the kidney and other tasocaled 


atructnres. 

Dnnag the fifth wed; of human development, the Gmbs appear as buds 
growing out from the body wait The Umb buds consist at first of a 
central core of unMerentated mesenchyme enclosed la a covering of 
ectoderm. CondentatKau appear m the mescnciiynjc, marking out the 
skeletal elements of the limbs, and these later undergo chondnfication and 
ossificatwe. Other elements sudi u nmseks, blood vessels and joints 
make their appeaisnce, and nerves grow down from the developing neural 
tube to innctvtte these atractarefc 

By the end of the second month of intrs-utenne life, most of the orstoha 
tkm rt the adult indindusl h kid down. In the third mooih, the human 
anbrro bccxxMS recopiiiabk even by the untrained eye as a human being 
Slid mtoiratam of the vstkAis tbsaes and organs proceeds fairly evenfy 

during the later weeks unta birth takes pl^ , ^ , 

It 3>^d bo emphaacced Aat the initial stages in the devriopmect of 
the horcam embtyo take place very rapidly Developniental phas^ which 

m lower Tcrtebratei are Mrty funpk to follow thus become compressed 

widoTcriappcd to such a degree that they are n« easy to dropher More 
oTW weBiSoervedesriy embryos aiu only rarely procured for arnWcai 
•redv henlwmtoydetaik of early human devciopmem have to be inferred 
from those whidi hare been followed in the development of 
psrticularty mamm ala which are closely reiitcd to man 

(the Pnmates). 
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2 MORPHOGENSmC FACTORS IN EARLY EMBRYONIC 

development 

In the preceding eection a bnel and aomewhat bald dcscnption of the 
itructuial changei m the early development ot the human ovum baa been 
given, thowmg the derivation and mmal differcntiauon of naauea auch aa 
the nervous ayatem, tnuaclc aegmenta, notochord and the entodennal 
linmg of the alimentary tract. In hijjmr TOI'bratea the fundamental pro- 
ceases bivolved m fbe tranafonnation of the aegmtmted ovum into an 
organised embryo are aomevrhat obacured by adaptations related to the 



Fla. Q D Uftf TO lOat^rAting tbe chiiplest tfpo of gwtmlatka, n ibcmn, for btAttsc*, \Tf 

Amtiiax^ aCBltttnU. B OcttrolA. G«ttnilstkm has taken pUco by • tfatipW inrsEm*- 
tioo of tbe bbotnle wtQ. be* M to tb» obbtentkn ot tbe o Adne l ceyity oftbe 
blwtuk, tod the focTDebon of • a*v cvrity tho ■idjeulzru o [Ar) The kttcr opov on 
tbe ntffafo *t the bltttopon (Bp.). 

nntntion of the dcftloping org^mim. Hence it » ne ce ae tf y kt t}ii> point 
to refer lack to lower fonni of life m wiudi theic processes are much 
simplified. Morcorer It u on lower vertebrates that most cspenmental 
wott. has been, earned out in the attempt to eluadate morphogenetic 
factors In early embryological development. 

The initial stigea of dcrelopmcnC as seen m msny invertebrste* and 
m a simple form such ss Aiftphoxus may be expressed simply (and unmo 
whit dugrammsrically) as foDows. The segmented ovum or morula first 
becomes converted mto a blastuUt a boUow sphere whose wall la composed 
of t singie layer of ceUi. 

Next, one side of the blistnia bewnnes pushed m (or mvigmated) 
tovrards the centre of its to that the latter finally becomts obhterated. 

The whole structure now forms a hotknv sac whose wall is compoaed of 
two Isycrs of cells The crater layer is the embryonic skin or ectoderm 

and tbe mvigmated layer which hues the new cavity » the emoderm. The 

canty represents the pnmitiTe gut and its opeamg at the site of invigmation 
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b the biastoporr (Fig 9 b, ). Thb »tigc of ti» derdoping embiro 
a alkd the gas^itU^ tnd the proct» by wbkh it b forum from the 
bhtttub b termed gtrtmlaticm. Det w etm ectoderm end entoderm there 
qukUr appon a third layer of inegakriy arranged cdb, the mcaodenn 
or en^rymk cormecttre tmue. In thb manner a type of organ batton 
b attamed trhich a comparable to that of annpte codenteratef in their 
mature fonm 

In higher vertehratea, the pfocrsa of gaatrubticm b ecomea condderably 
modified. In the derelop m cnt c»f the amphibian egg, for eiample, the 
tceumulatiop of yolk at one nde of the blaatub (the vegetative pole) makea 
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Fta. a. Dtrfrsn »hcnMiic fro« dunoft the proccai of patzuktkn. 
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It mechanical 1) unpoaiible for a nniple invaginatKm of the structure ai a 
whole to occur Inatcad, a small cteacent thaped groove appear! on the 
aurfacc, rcpreaeoting the earbest fonnatioo of the blastopore tnd there 
follow* a ttreaming movement on the aurfacc of the bUatula which coo 
Tetge* toward* it The moiement i» the re*ult of the actual migration of 
the ceU* of the bhutub wall which grow over the lip« of the blaatoporc 
and tuck themaelve* utjide beoeaih the surface layer Tha procea* con 
tmuca until gaatmUtion i* completed, that i* to ny until ah that part of 
the bbitub wall which u deatmed to form the entodermal lining of the 
thmeotary tract and the roewderra ha* become mrapnated (Fig jo) 

The ingrowth of the surface ceU* over the margmi of the blastopore 
first occur* from the dorsal aspect of the derdopmg embryo, hcajce the 
<iorsal bp of the blastopore is the hrst part to become pronunent. A* we 
ihah see the tmue wKiJi form* the dorsal bp of the blaatoporc dunng 
nstrubtion i* of extreme importance because of the influetice which rt 
eiert* on surrounding cells m the mmai difftrcntaiton of embrytauc 
strticturcs. 
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Before gtrtnilition the ccUi which Trill fonn vanoui itructurea »uch a* 
the mesodennal *001116*, the neural tube, &c. he on the •urface of the 
hlMtula. It haa been found potsible to mark them by vital ttaming with 
dye* tuch as Nile Blue, Neutral Red and Biwnirck Brown »o that they 
can be followed u thi^ smk m through the blaitopore and their fate 
determined. In thi* way Vogt* has mi^jped out on the aurface of the 
amphibian blaitUla area* of prwumptive skin presumptive neural plate, 
preaumptivc metodertn and presumptive entodcmi Uc. that » to *ay 
areas of cells which are normally dcatiacd to form these particular tissues 
after the completion of gastrulanoo. 

In the blastula stage, and also at the begmnmg of gastrultbon, the fate 
of the presumptive areas u not irr e vocably detcruuned — the cella arc still 
plastic m regard to their developmental potentiihties. This has been 
shown by removing for example, a pie« of presumptive tkin and grafting 
It Into the area of presunmtive neural plate and ous cena when the tnns 
planted cell* become differenti at ed to form the Utsues corresponding to 
the area m which they now find tbcmKlvts, Moreover by this expen 
mental method, presumptive ectoderm can become transformed mto 
mtaoderm, or nyes^enn mto ectoderm *0 that at this stage even the germ 
layers are qune plastic. After the commencement of gastrulation, how e v er 
the cetb lose their plasncity and their developmental destiny becomes 
fixed. In other woro* if now a piece of presumptive skin is grafted mto 
the area of presumptive neural plate it continues to differentiate mto 
skm only It appears, th er e fo re, that durmg gastrolation a change occurs 
affecting the o^ryonic cella even though at thia stage they ahow no 
histological modificatioTi. This change must presumably be of a physico- 
chemical nature, and it is termed e/umo-differfirUatiwu 
The esrhest part of the blastula to undergo cbemo-differentiation is the 
dorsal hp of the blastopore, which 1* destined, after it becomes invsgmated, 
to form certam tisiuca m the roof of the pnmitrve eut, Le. the notochord 
and axial mesoderm. More important, hmrever is the property which the 
dorsal Up acquire* of bnngmg about the differentiation of other tissue* 
from the cell* which be m Its imnyediate pronmrty In fset, as first shown 
by the classical experiment* of Spemann, it js pnminly responsible for 
inducing the cbesao-differcutiatKm of other parts of the blastula 
whereby the developmental potcoae* of the vanoua preaumptivc area* 
become irrevocably fixed, and It ts also responsible for mdudng the 
orgtnmtion of the adjacent btfues in such a way that they become coo 
Verted mto neural tube and bram, mesodermal somites nephne tubules, &c. 
If s portion of the dorsal hp of the blastopore is grafted mto another 
embryo of the same developmental stage, it mduce* the formation of these 
structure* from otherwise mdiffermt tusue m ita vicmity A secondary 
embryo may thus develop m rdation to the grafted tissue as an appendage 
of the mam embryo (which » itself developed under the influence ctf its 
W blistoponc bp) Experiment* such as this have kd to the conclusion 
that the dorsal Irp of the blastopore contain* some substance which 
AmpbIbhphJm mh HctUcfaaf 
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directly Initiate* t£»*ue differcatatioa. Tha kKaiiicd tone m the devdop- 
ieg embryo h** thcrefote been ct&ed the orpatvitr * 

A comudcmblc tmoonl of wodt ba> been tccompludjcd dunog recent 
yein aa. the ntiurc of ibe org»ai*cr A* tlie rcRilt of thh, it U known tiuK 
the organ mng u^ucnce »pretd* by direct continuity to tornmnding part^ 
for if the dors*! hp of the bkno^ra u Kpsrtted from tditcent uMfUCS 
by a itrople cut, orgamauion does not occur It is known, tioo tint its 
activity doc* not entirely depend on the propertie* of Imng odU, for 
portion* of the dorta! bliftoponc Iip reuw their capaaty to play a part m 



FiO An erpmnwnt m «hKlt ih« raamrer tram it* dci»*l lip of the blaampor* « 
(X^ «pecta of l*rT»J tmphib«r> ( TntoM bat l»«o xmptMnud *nr Mitotber rpoetm 

tmrmxrnf'i i «htr» *«n*wltrv •mbrv on th* Mde o< tSi ho»t 

coc*iftlii>f ( tnedMlUsy tuba Mcnitca otocy-a? uvj UU £ dw aame ipacai>ecs lO 
aectlan cn the left tSf axiai oeptna f tbe boat v oa the nght the rswouliny tub* 

and otocrat of the aeicofuiary cnibn (Frooi H H Wootktd after bpecomtn,^ 

roituting ti**uc differcntistion even after coagulation by High temperatufe* 
or by treatment nith alcohol Lastlv u »» kntmn that the chemical baaia 
of the otgamrer although not present cbcTthere m the early crobryo a 
to be found in a vanetv of tiaauc* in the adult 

If the dorsal hp of the blastopore i* excised expenmentaflv and replaced 
by a amall portion of the blaatula wall taken from an indifferent area, the 
grafted tissue becomes itself eaidowed with orgamiing properties In other 
vrords, the chemo'differcnaatioo of (ht c«Us of the dorsal blaatoponc bp 
which iesda to d« dereloproent of the orgamacr depend* not on tl» 
intrmaic character of these cell* but rather on the poction in which they 
6nd tbcmachc* m the earlv stages of gastrulauon that i* at the dynanuc 
centre of the roo’.emctit ln^oh■^ in thia process 

i.n •eaMCt of f or**rioom m*mbc%^oiri»c iir\eioT;*n*n »*cH Sp^maa 

* Of tim Prtm 938 J a li«*y ««l O R 
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The action of the organizer appear* to be quite complex for it involve* 
at Icaat two proceaees ^rhich are probably •eparable — epoctrtwn and tnth 
mduntioju It* active rViirnial baai* ha* been termed the twadoT and thu 
13 rcaponnble for starting off the histological differentiation of surrounding 
tissues. The morphogenetic proces se s hereby these tissue* are organized 
or mdividuated mto a definite system (e.e a neural tube and brain, or a 
sene* of mesodermal somites) depend on physiological gradient* m the sur 
rounding tissues as well as on a regional d^ereatiation within the organizer 
On thebaais of these factors an mdividuation field is built up m relation 
to which the mam embryonic structures are devdoped m a harmomous 
manner to form a complete organism. 

There art two further points concerning the organizer to which reference 
should be made, since they throw some light on its mode of action. In the 
first place the accumulation of evidence shown that the chemical basis 
of the organiier is probably a s t er ol like substance, and therefore rdatively 
simple in structure. The second point is that the organizer is non-«pcctfic 
that ts to say the organizer of one tpeaes of animal u still effective even if 
It, » grafted on to the embryo of another speaes. It is important to note 
however that In such an experiment the devtlopmg tissues become 
organized in a manner which is charactcnstic of the host, and not of 
the spedei from which the grafted organizer was obouned. These facts 
tugg^ that the organizer simply provide* the tt ecem ry stimulus which 
seta off an organmng activity turtidy latest m the cells which are mvohred 
m the proces*. It his been suggested th er efor e , that the term o r gan izer* 
U not very appropriate m the sense m which it has been used. However 
Spemann has emphasized the fact that he ongmally corned the term as 
desenptive of a proces* without intending to imply an explanation of how 
this process is brought about. He surest* as an alternative terminology 
that m any pro ce ** of induction the inductive tissue may bo re fer red to 
as the acting system and the tissue whoee orgamxation is mduced, the 
reacting system and he makes it ^te clear that mductian, m hi dommant 
feature*, is a reUaswg process which is initiated m the reacting system by 
the mductor » In Needham s terminology the induction effect of a grafted 
organizer mvolve* two pro ceasea , (i) evocation, which is alwsy* perfomed 
by the graft, and (a) inomduation, which i* p erformed by the graft and the 
host working tog^cr • 

Titiuea whidi are differentiated under the influence of the primary 
organizing mechanism of the dorsal Up of the blaatoporc may tbemselvc* 
b«ome endowed with organizing propcitic* Thu* the mduced neural 
tube can organize tissue* m its neighbourhood, and the segmented 
mesoderm ha* the capacity of mductng organization of the neural tube. 
Again, the optic cup (he. the embryome pnmordium of the retina) i* 
devdoped from the medullary plate under the influence of the imdcrlymg 
mesodenn, and is itsdf able to mduce the differentiation of a lens from 
the ectoderm which overlie* it The optic cop may therefore be termed 
an organic of the •econd order* (Spemann). In the later scctiona of this 
book we *hail encounter m the various tasuea of the body a number of 
‘ H. Sptourtn, op dt. j NoodW, op. at. 
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THE DEVELOPMENT OF TISSUES IN THE EMBRYO 
examples of this organixiDg capacety which k responsible for dacae 
di fi er en tiation and Browth in post-anbrynnic life, indetd, we may con 
cave that, dnnng the pro ce ss of development, tbe action of the primary 
organizer gives roe to a number of secondary organizers, and ■ g*in 
to tertiary organizers and so forth, ondl the whole embryo is made up of 
a mosak of morphogenetic fields within winch organizing efiecti am be 
produced by difiaentiated mduang agents. Tn tTmjteJy p mr«»M 

will be expressed in the mutual acSon of one cell upon another which ts 
manifested in the adjustment of gr o w ing md mature tissuea to the forma 
bon and ma m t-mririi of every morphological structure. 

We have seen that, m the amphibian embryo the pramary f tr ^n tw k 
localized In the dorsal Up of the bl ast opo re . Wnen tbk tiasoe k mvaginated 
bto the roof of the embryonic gut, it becomes differentkted to form tbe 
DoCoebord and anal mesoderm. TUs k also tbe fine of tlv tissue of tbe 
pnmitiTe streak m tbe embryos of higher yertebrates, and h tbos appears 
that tbe pnimtiye streak u iiurphologically honMlogous with tbe dorsal 
hp of the bkatopore. 

Streaming movementa of a, cbaractcnstlc type, to those which 

are directed towards the bkxtoporc In tbe ampbibun embryo, in 
the bknodexm of higher ycftdjrates m rtlsboo to the pnmhiye streak. 
These movementa are directed bsekwartk on each side, and d><»n forwards 
along the centre of the stresk where the tmue smis m and sprods ont 
Utenlly b e tween tbe ec to d er m and entoderm. The unmitht streak there 
fore represents the centre of gattrulatioD in these embryos, s pre rfM which 
kconsideisblyobeaired in comparison with lower forms.* Ink homology 
has been finally demonstrated experimentally for the primitrrc streak m 
ch\A and rabbit embryos has been o bs er ved to possess organizing functians 
mmlkr to those of tbc dorsal Up of the amphlbkn blastopore. By analogy 
it ta to be presomed that m the human embryo the primary orgamzatma 
c entr e first develops at about tbe ^ftecoth of derelopment, that n to 
say tbe stage at which tbe pnzmtiTe streak appears. 

It has b^ noted that, as a resnlt of local chemoHlifierentiBtioQ under 
the inflnence of the p r ima ry organizer the early embryo becomea mapped 
out mto yanoos regions iriicse dereloptnental potencies are firM , FoUow 
mg on tha stage, each region acquires tbe capacity for self-diffcraitiatioo 
independently of eztnnaic contruL ThU phmnrnenon of sclf-differoitia 
turn has been abundantly democatrated by experimental methods, such ta 
p iYwing tasue fragments a vUtv In smtsble cnhnre ctr ^ tbe '••y 

of tbe etkk embryo^ grafting them on to tbe vascukr cborto-aUantoic 
manbranc. Under these dr nim s tan ces, sn koiitcd Umb-bud rudiment 
wiH undergo a renarkablc d^ree of differentktloo to form Its conautuent 
ekmcnti, tbe pnmordmm of the ode reside wHl shape Itself into 
a senudrenkr canal s ys te m, or the optic diverticahim of the fore-bialn 
win form tbe Tiriocs layers of the retina. 

At first ■-ril of tbese self-differentkting regtoca forms an equipotential 


'Tiw. i iMi toJ ef t w uu i st fap Mlocrted Iw xjLMJui a lhu embm> k tikaa Id Indbsta 


^TtHalkKtuj (iMKttiM) bvm an K aa t ra l typ* k> wfakh tfa* «niau ww hacrDy l»d«a 
wili»T^ 
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lyBteait that a to aty any *mill portum of it n capable of developing into 
a whole structure. If for example^ only a fragment of the prcaumptive 
limV) region of an early amphibian embryo a grsdted elaewhere, it will itill 
form a complete limb Soon however each region undergoes a further 
chcmo-differentiation which leads to ita division mto a mosaic of tub- 
regionfl, each with potentiaUiy for development into one part of the 
mature itnicture When this atage u reached m the limb region, a trans 
planted portion will only form the reatneted portion of the Uim into which 
it IS normally destined to develop This mosaic phase of development is 
progressively elaborated down to the finer details of structure imnl, in 
mgber vertebratea at least, the capacity for tissue differentiation becomes 
r^tirvclv more and more limited, except m so far as tissues are able to 
reproduce their own kmd m the process of regeneration and repair 

In the whole process leading up to atnictural differentiation three m a in 
phtsci may be recognized. 'Hie first of these is chemo-differtntiaiwn^ m 
which no anatoimcal change ta to be discerned m the cells.' It is important 
to realize that the proceu of chemo-diffcrentittion a an essent^ pre- 
liminary to all types of histolo^cal or structural differentiation, for tissues 
whidi, either m the embryo or In the mature organism, appear anatomically 
to be identical, may yet have different properties and po^tialrties depend 
mg on mtrinsic physico-chemical differences. Tlfis U fihatrated the 
observation that if connective tissue cells (fibroblasts) taken from different 
regions of the same developing embryo are grown in tissue cultures, they 
are found not always to show precisely the same j^roperties. They may 
have different gro w th rates and show different reactions to chemical 
agencies. 

Chemo-differentiation also underlies the important principle of tixrve 
sptajiatv m the adult, which ts croressed {vtUr aba) bv the tendency of 
some cdlj to react to certain atimuU while others, even of the same general 
type of titme, remain mactive. This is particularly well known m the 
response of tissue gro w th and differcntistion to the influence of the secre 
tory products of endocrine glands. For Instance, disturbances of the 
activity of the pituitary or thyroid gland lead to a modification m akcletal 
KTowth, but the reroonse is cn a seloitive nature, some osteogenetic tissue 
being more affect ca than others. 

Chcmo-differentiation is followed by fasio-Affneniwtum tb^i is to say 
the transformation of anatoimcally indflierent into those characteristic 
of a particular type of tissue, such as muscle, blood corpusdes or nervous 
tissue. It will be realized however that histo-differcntiitioo Is really an 
ertensKm of cberoo- differ entiati on to a point where the chemical changes 
become m a nif est ed to the eye by actual structural alteration. 

Lastly the tissues become moulded Into characteristic ihspcs to form 
dc^to organs or anatomical systems this process is termed «7»yajwye«nx 

^ the csrly ttiges of structural differentiation ra the embryo occur 
before the tissues assume thdr functions. Thus, the heart and the 
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blood veneb tre lild down befdro the drcoladon commence*, neryoii* 
elenv-nt* ippetr m the bnm end tpmil cord before they tre ctptble 
of trtntmitting d o t ou* hnpnltf*, cna skdeCal elements ire shaped before 
tbe^ are subjected to the rnechantcal atr e ases and ttrsbr for wtd^ they are 
coostmeted. This pre-»ftmctionaP penod of differentiation u followed by 
a ftmctional penod dnnng the final touche* are put to the moddllng 
of the Tanous anatonricaT structures. The finnr tWalta of the ahape and 
euiface f e a tur e* of a mature bone are conditioned by the pre ssur e and 
tenswn of funtnindmg atnicture*, by joint morementa, by adequacy of 
blood supply &c. the ytscnlar aniutectuie of the smaTlgr blood vessels is 
related to the haemodynsmk factors of the circnlatKm muscle* and Qga 
ments sre mivlified b^ the work involved m that erercise, and so forth. 

Ihe extensive stndies m expenmental anatomy which hare been directed 
to these problems m recent years have rather terved to emphaaoe the 
capacity fOT structural differentiation m the pre-functional period Whereas 
the old!^ snatomltts had sought to axpkm the processes InvolTed In the 
development of a particukr organ in of chemical tropisms, the 

pressure and tension of adjacent structures, the available space and ma ter ial, 
and other factors dq>cndmg on the Inleractton of different parts of the 
growing embryo, mtihoda of tissae culture have now shown that isolated 
tiasQca, growing quits independently of them normal e n viro nm e nt , can 
undergo seffnii ff' e n git ij tion to a remarkable degree. It must bo recognised, 
berwerer that for them full normal derelopment as componest parts of a 
total organism, the ennronmeot in which to^iea and organs sre under 
going d iffer eptiation remains an Important fsc^ 



CONNECTIVE TISSUE 

T he procctt of preparing a dmection involves the clearing away of a 
matnx of fibrous and cellular material m which more highly organized 
ttructurea such as muaclea vessels, nerves, &c. he embedded. This mitenil 
vanes coniidcrably jn its consistency m some places forming a very dchcatc 
reticulum of loose texture and in other places becoming condensed mto a 
firmly woven fcltwork. or mto tough fibrous sheets. In its various forms it is 
commonly termed connective tissue or — because of its fibrous basis — 
fascia 

Loose connective tissue ts a relatively generalized and nnHtff erentiated 
tissue, preserving to namg degree an eniryonJe potentiality for unde r 
gomg differentiation into more highly organized sv^iportiDg structures. 

extent. It may perhaps be n^arded os the persistence of embryoidc 
mrsodefTTTl tissue left over with comparatively httle change among the 
highly organized structures which have become differentiated from the 
same parent tissue. Although, m the adult, it u partly made up of special 
ized cellular fibrous elements, it does contain unspecitlized ceQs 
similar m their morphology to the branching cells of embryomc mescnchyrDc 
and retaining the same potentaktiea for d&erenuation mto other tissues, 
Embryomc connective tissue, or metmhywu a made up of small cells 
whh slender branching processes which are contmuous from one cell to 
another forming an excwdui^ fine network (Fig la) The body of each 
cell consists of little more tbe nucleus surrounded by a minimal 
amount of cytoplaam. It is from t cellular reticulum of thu type that tbe 
diverse elements of mitore connective tissue are differentiated, 

Tbe anitomicai compositian of connective tissue u most conveniently 
studied where it forms a loose meshwork ai, for instance, m the sub* 
cutaneous lajrcr of certam parts of the mtegamcnL Here it has an open 
texture and is usually called artolar tm\u If a film preparation of thu is 
made and appropriately ttamed, it u found to contain fibres and 
embedded in a suostratom of a semi fluid gelatinous substance. Tbe latter 
IS homogeneous m structure, and can be made visible by treatment with 
sflver mtnte solution, which, by reduction, stains it s unifonn brown 
colour Tha ground substance (which, tccording to tome autbontiea, is s 
product of cell secretion) is commor^ bdieved to fonn a reticulum tbe 
meshes of which contain Usnuflmd The litter a regarded as an 
medium occupying the mtercdlular spaces of all tissues through which 
mitntive roatenal reaches the actual cellular demcna from the blood 
stream and the waste products of cell metabolism sre conveyed mto blood 
and lymphatk capillaries. However it hat been questiooed whether free 
dssue fluid eiats in normsl connectivo tasue on tht grounds tbst (i) clear 
fluid cannot bo obtained if the skin is punctured with a needle, (a) a bleb 
of fluid mjected into the skin retains it» shape, being presumibly Wled off 
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hr • idly Ite coonrctrre tjMoo mbttMacs. ind (3) Browuitn morcmeal of 
mmtrte pirtida amnot be ob»errcti in the tuhttratum of normd con 
nKbve tasut Tbo ftet U, however tlut fret fluid quicil;/ iccamulitet m 
tamo nWeeted to pteaure end fnction TUCuUr Uuu. irnttoon md 
iniWrartion (m well a twain other conditKin*) it U import^ to 
note tint thu tolitttei the rapid iprtad of any diffuaible tubitancea which 



t. On theoretical conaideiaiioiia. it a probably correW to 

Ibn^tteTte amount of tuaire flidd a preaent In tl» 

iT; mire, of mott tiaauea, and that m oedema the aniount U 
trt^tcelbrlar of the tiaue elemena. Tbeenn 

of the eroond whftance (which in any caae a a coinplea colhndal 
from one type of daaue to another and alao with age. 
rate) alao m the aame oaaue under different phy^Iogical 

It PJ*^.r^*^^^ned dame pleasure ThU preaatiro la an 
^^S’f^^t^fihration of flmd from the blood capiBariea to the 

'*^LlLB~Vy Onth.in««~ roy»l- --d Uhottodw. rf d. fclwwtMw 
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1 THE TIBROUS BASIS OF CONNECTIVE TISSUE 

The fibre* m ireolar ti**ue tre m*mly of two kind*, eoHagtnous or white, 
and elaxtu or ydlow and it is upon the relative amount and proportioii of 
there fibre* that the coniwtcncy of connectivt tmoc d^>end** 

CoUagtnma fibres (Figs, 13 * and 14) are ertremcly delicate and practically 
colourkt*, and m concentration form a tuaue which hi* a dead white 
appearance (white fibrou* tmoe) They are arranged in bu n d l e* and 

except whra under teimon, run a charactenttically wavy courre (Fig 14) 

The individual fibre* do not branch, neither do they ana ato mo re with each 
other Though ioftmcoimftency are very reaatant to tensile •tram-' 

hence they provide the ban* for inch atrnctuit* a* tendon* and ligament* 
which are lubjected to 1 pulling force.* The iubitancc of t h ere fibres, 
eoUagm^ is an albumindd which can be converted into ge l a tin by boiling 
On treatment with itrong aad tbc fibre* are ultimately destroy^ a fact 
which 1* made use of in the maceration of uaauea m anatomical prepare turns. 

Elastufibrts are much lea* frequent m mo*t type* of connective tissue. In 
contrast to coUsgenoos fibres they run »in^ branch fiedy and anastomose 
with each oth» (Fig 17) They are hipiiy re&icfilt m appearance, and 
have considereble uu^ty broken fibres are often seen in microreopic 
preparation* of te»»ed dime, curled up In an elastic recoil (Fi^ 13 r) Tliar 
yellW colour esn be recogmred maaoreopfcally in tittue* m wfach they 
are ptrticokHy abondanc (e.g m certain hgamenta such u the hgamenta 
fubnm on (he neural archo of the vertebrae). They consist of an albmm 
notd called tlastis which u highly resistant to treatment by aods or to 
boding 

It will be seen hcer thst both wfaire and yellow fibre* enter mto the 
compostdon of many structures such as walls of blood vessels, capsules of 
gUndt, and sheaths of muscles. In microscopic sections they can be shown 
up by using certain »clecdve stams. CoDageaou* fibres, for example, are 
stsmed a bright red with van Gieson * stun* (whlcb, however alio stams 
cert a in other elements) while elsstic fibre* are coloured reddish brown 
with orcein. 


a THE CELLUlJJt BASIS OF CONNECTIVE TISSUE 

There arc vanou* type* of cells m connective tissue of these, two are 
specially common— jiiroft/artj aad hxstvxyUt Superficially they appear 

freand fob*t*acs of k>o*t cumi tc ti T^ titm vlwt Ar M 1954, ind C IC Drfcker ntd 

/ ^•r’^«rftrW>*«di7Ioiw(elapttrc»ptmwibaitytjCt*T>Q. 

ilwoW ilw tw m»d« to Iho faaponw wcrit 00 hymrWifci«e, *n wjTtM 
beii*Ted b* Uatticil whh tbe ‘•pmdb* liKlDr »rtifc£i by hriarfnr d* TbcmitT of 
tiww fluid* l a cTty tM«uep«mteaHbw«PdtlHntocrw<tfa>kiTMhtic»t»dtrcdfa^ 
^ rfhT.hrc«.l- ..J ti, 

M .T. =-fT, 

lAow ttoide^ to £tirfy r«i>ldly TUi, Ijowero- is <iao to in Knal 
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»omn?hit cmiUr lo ordmarily *tsmed prcpandons, but iimctKnullT they 
trc vtxy different Flbitiblurti tre ttttiontiy cell* which are coDcemed 
with the prt>duction of white coUigeoous fibres, and to play as tmportast 



Fro ] Schetm lUiACnumg (otiM of th« conipanent elcrMnCi of conaecxitm thtao. 
In a iho«n the appevsna of n>c*eacliriiM nr mbTTOfuc coaewetn dmw fram whicb 
dte mor« orcaiavd elocDran of roMur* owuwem tiMoe an dn-ivrl. Som of thtm 
•iccrwDO ar* *>to« tn k ha^ocytr Gbroblsat, J pifconu c«0. and / fat caUa. 
In a aho^ dajtTamnamcatfr tta tpocarmnea of a flim prapamwo of arcUar ta aoi. wlri> 
AbroUsao, coQafmoui aod al«ac Alma I # a ae«n dw appaaraoca of a accuon of 
fjtrprtM taaiM in «hjch ibe fat hai beni mna^cd by aol aaa to tba couraa of tuHolockal 
prrparttioa 

part m building up the supporting elcrocnt of connective tmue. On the 
other hand hiinocytei have phagocytic propemei (i e they can ingcat 
foreign matenal), and, though apjwnuly and stationary under oor 
mal conditiofis can readily become conrerted mto freely moving amoeboid 
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cells (macrophage*) They appear thu* to play the part of acavenp* 
remormg tWbns and paroculate matter from the connective-tissue 
space*. In short, of the two mam cellukr dementi of connective tissue, 
one IS concerned with the construction of a passive supporting taatn x and 
the other with activdy protective funcdons. The contrast between the 
fixed fibroblasts and the fredy moving cells i* very striking in culture* of 
cxplanted embryonic connective tissue whoac growth has been recorded 
cmematogTaphically 'When such picture* are tpeeded up the non-moule 
fibroblast* can be sm * steadily proliferating by mitotic division, while at 
the margin of the explant nunmen of motile cells wander actively and 



FfO. 14. CoOtfenoui fibres in loots tieolar tasoe. &lsaniflctt>oa X470. 


energetically among them, sometuoc* attacking and destroymg a damaged 
cell. 

Fibroblast* Fibroblatti (also called fibrocyte* or lsmi»1Uf cell*) vary 
their appearance according to the pomt of view f rom which they arc acen 
(Fig*. 13 Cf 18 20) They are thm flat ceCs, so that m profile they appear 
ipindle-ahaped In aurface view they tend to be somewhat atcUate, with 
broad pointed proceases. The nucleus u oral and rather large- The cyto^ 
plasm of the c^ is ftiriy clear and, except for fine fat globule*, usually 
contains no obvious particulate mchiawm. The omlme of the cell is iU 
defined— indeed, supposed by some that adjacent cell* may be m direct 
protoplasmic connexion to form a contmuous ayncytrum (Fig 18) They 
are foKpicntly found m very intfanale relation to bundle* of coUigcnous 
fibres, an association which suggest* that these fibre* are dire«Ir produced 
by their agency It I* because of this function, mdeed, that the fyllt tre 
called fibroblasts. 

The manner m which fibroblast* lead to the deposition of collsgenou* 
for manyyear* been a source of controTcrty One view hdd that 
the fibre* are differcntiitcd withm the cytoplssm, to become subsequently 




36 CONKECnVE TISSUE 

extruded another thit the fibret are prinarily dqpoelted m the intcrceBoUr 
aub«tance under the inflaence of »ome enxjintc tctKn hj the fibrobhsta. 
The quaoan hu been settled hv wxtddng the behxrxour of fibrobhttti m 
transparent chambers in the rabbtt t car * During the process of fibro- 
genesis, the ceOt throw off TestenUr masses ^ crtopUsmic matenal 
which become detached and set Crte in the intcrcdfular substance. It 
that thcsc rr u ia^ .t art diTcctljr udltxed m the formation of the fibres, 
the bri mming ipun out from in a fine web-hke formation 
(Fig lo) The process ia a r®^d one, for in three to four hours exiensiTe 
networks dcrclop round each fibroblast, and in forty-ci^t hours they may 
become so dense as to obscure the ceQs completely 
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The relation of fibroblasts to the production of coUagenoua fibres b of 
mat importance in p ro v i ding a btata for the functiona of white 

fibrous uasue. It hu been demonstrated that if a thin film of fibroblaats 
crown in tiBsue culture b subjected to a legkinal tension, the celli exposed to 
me tendk force multiply more rspidtr s^ orientate themsehea m parallel 
Imea m the directioo of the str^ (Fig 16). In other words, tenaion 
appears to be a mechanical stlnmhia detomming directly or Induixtly not 
only an ixKxeased productioo of fibrous tissue but also the direction in 
which It b deposlt^i This response has been obserred m the transparent 
chamber experiments referred to shore, in the course of which It wn found 
that the rat^ *mQnnt, and dlrectioa of fibre formation are all influenced by 
ttnaktu. It b particularly wdl iHuatiated in the regcnerBtKm of cut tendons 
(see p, 135), It will be appiecbted, therefore, that m the body bundles of 
white fibres wiD tend to ^ laid down automatically* wbererer they are re- 
quired to resift a tensile stiam, Intfabway t e ndfsi s and aponeuroses will 
be fonned by the tractKiu of muades 00 indifferently arranged coonec Uv e 


M. L. Swros, StwQw en ibe drr^enocat of t o enwth s bwM In tr«iip«ratt 
In to Si ofnmxbMndan 

0«w«b«’*^5U.£wwii t h nn ip r* . US itsff. ^ ^ 

Tbm b niim «i tuppoM that oh tmMopal tare* p«ob«iitr oa not so on 

lb* <■ , bol tbtt hkftnaoca th* <S«cm and dkeetkn of dMlr pcoQfoailoo bt 

Bodifrtnf tb« of iba a u b ata t m in wtdeb tba cafii b«. 
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ti*ue, bniDcnt* will derdop wtcrerer the tcmfle ttnin m the ctp*ulc of 
a joint nemanda tbor aid m limiting morcmenta, and re ten hoo banda, 
fibroua puUeya, and other reatralning mechanlima will become differentiated 
in responae to ilmnar mechanical reqmrcmeiita. 

It aboold be noted that the deposition of white Sbroua tmne In the 
form of a acar a an eaaential part of the r e pai m il TC process by which a 
wound a healed, and it may be suppoacd that tenaioQal fonxi in the in 
flammatory tnsne of the woond exert an imf^ortant mdnence on the proceaa 



Fto. a. Sfctfa p of oednotoui oaonootfr* tiMU* ihcTwiaf fibroUarts nd lihliuc y te *. 
Thro* of tb* letter ei* moo, vtth dsdd7 etiinhi a nudd tad fTwiakr cTtoplaEn. Tbe 
fibnUMU bav« Utfoi nodet ewl wxl ewt fine cyrrcJMmlc *{11^ Mem to Ctde 

intn retleokr frotiad ■ Mher eii cn . MegBifiiatfcn X570. 


of Mr fonnation. But, apart from aoch local fecton, it should be recog 
ntwl that the formation rf coflagenoua tiaaoe may be profoundly affect^ 
by g ener a l metabolic dtatnrhanrra. Of particular importance m tlm con 
nexKm u rkamln C (aacorbtc add). It hai long been Imown that m patients 
suffermg from scurry dne to ntiimn C deficiency woimds heal slowly or 
not at all, and eapenroents hare shown that this u partly due to the foot 
that the fibroblam are unable to clabonte collagen. In gomes pigs dc 
p n red entirely of rltamin C, no matiix of coIlagaxTus fibres u formed at 
the site of a wound, and m aiumils toffering foom a partial defiaency of the 
vitamin the tensile strength of beafing wounds is leu than normal. Lastly 
tnsne culture experiments hare also demonstrsted the part played by 
Titamin C In the production by fibroblaats of white fibrous tmoe.* 

Sc* A. H. Hunt. *Tb* r 4* of Thsmia C In wmmd bca&if* BriL Tfm. Smr f n 28 
Itmt •od O H. Bo«m, 'Vluniin C«od **pdr •flnjuiwl OMC* Tht Lacrt, Dee. 3 
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While the depotition of colligenoiu fibre* u one of the num functions 
of fibroblast*, die developmental ongin of elastic fibre* ts »till obtcure. 
They appear to be constructed from the alignment of refractile granule* 
laid down m the mtercellulaf matrix, but whether under the agency of 
fibrobla*t^.or of other cell type* a unlmowm The fact that thar ch em ica l 
and physical propcrtie* contrast *o atrongly with those of collagenou* 
fibre* suggest* that they are derived from a correspondingly different 
source Itis not known, also whether white fibrous tissue) the deposi 
bon of elasbc tissue i* favoured and directed by the mechamcal stimulus 
of ttnsional forces. On a prum grounds, it might be inferred that ita 
diff eren t ia tion i* likely to be m response to tension*! force* of a fairly 
regular mtermittent chatMter 



Fra. 19. Dkcnni tbovint fa0w eallifleaoasfQirts tre formed br fibfvbkss (tbt diunm 
bM bem cw tni cted ee m beet of Ch»tt«liu a» is tb* paper D7 M. L. SuxtmT^imir 
Jhmrm, Aim 67 1940X 


It has been demonstrated that fibroblasts probably plsy an important 
role m the procet* of water retention m the tissues hence they may hare 
a consideraole significance m r^ard to problems of pathological oedema 
or dropsy Aykroyd and Zuckerman' have noted that the r eJla show wide 
fluctuition* in size under different conditions of tusue hydration, and thar 
evidence indicates that they have the property of taltfng up water from the 
surrounding medium, so lesdmg to a local concentration of the tissue fluid. 
They sppesr therefore, to be one of the fsetora controlling the regionsl 
distAution of body flmd* in the connective tissue* of the body 

Many cytologists hold the view that fibroblasta are specahted cells— 
incapable of becoming transformed mto other type* of connective-tissue 
cell others, however believe that Uict are gciKaalired to the extent that 
they can be converted mto cartHago cciLs bon^fonning cells or osteoblast*. 
endotbehsl cells, tod to forth. 

HIstiocytea » Histiocyte* are irregulsr m shape, and thar cell outline 
1 * much better defined than that of the fibroblasts (Pig 18). Their irregu 
lanty is related to thar amoeboid properties. The nucleus, also issm^er 


O E. Aybori snd 8. Zuckennm, Tactm* In irniil itlu Jow*. 94 
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(tains more deeply and often thorn a charactensdc mdentadon ^rtuch 

r I it a renifonn appearance. Inaccordancewiththcirphagocyticpowera, 
cytopkim U uimllj filled ^th granules and with vacuoles of various 
■nes of which the litter can be stained rather contplcDouslj with neutral 
red. The phagocytic actinty of histiocytta is particularly w^ teen in the 
immediate ne^hhourhood cd a haemorrhs^ m the datnes. A microscopic 
section taken mmi tuch a region thaws maaes of hutiocytea in the procen 
of clearing away the d&ris and filled with granular masses of blood pigment. 

It seems that normally conaectiTe~tissue histiocytes are not always 
motile — they may be fix^ phagocytes fmacrophagea) of the connective 
tissue. In this respea they are aocnetimes co ntm ted with the freely 
m ov in g macrophaf^ also found In cotmective-tisaue spaces and which tre 
beheved to be derived from the blood stream by anigrotian from ctplb 
laries. However tbla cr it e r ion of motilitT Is hardly adequate to ™ke 
such a distmction, for under candidans of inflammation all these are 


aqtable of free aitK>eboid movanait. Probably therefore, such histiocytes 
are merely wandering mscropliages whidi are m a tempor ar y phase of 
quiescence. The fact that tney tre particularly numcitma m vascular 
tWiei suffgests that they may be den^ b part from blood veaseli (see 
p 213) the geiienl opudon, however u that they are also formed tn sttu 
tn the cotmwthe tuaue by the differentiation of mesenchyme ceJDs of an 
embryonic type. 

Hmiocytes are contrasted whh other types of cosmeetive-tusue by 
thdr retctiOQS to vital dyes— that is to tsy dyes which, when fatiec^ mto 
the body are taken up by the cytoplasm ci no rmal living ceUa. To demon- 


thebodr are taken up by the cytopl 
stiate tms pbetkomenon. trypan ol 
carmine haro been most commonly 


of Donnsl living ceha. ' 


pbetkomenon. trypan olue (an sad »nnir>« dye) and lithhim 
re been most commonly used in the form of colloidal solutions. 


In the tissues they are assimilated by the hlstiocytea, which store In 
the form of coarse granules in their cjrtopksm In the mam^. wty tint they 
ingest parUculstQ matter such at carbon particles, fat droplets, or bacteria. 

ctutrscterwtic reaction towards vital is also shown by other types 
of large phagocytic cells or mscrophagea in other tissues it ts, m feet, s 
common piupcriy of all ceUi of what is termed the macrophage or 
retindo-endothehal system (tddt mfra^ p 45) The histiocytes are t^ 
Tirtn representativea of tins system, and, und^ the stnmilua of inflam 
mitory condhioos, they be com e extremely active. Fibroblasta, in so far 
os they react at til to vital djres in moderate dosage, tike up in very 
fine granules whkh are commonly stored In the cytoplasm dose to the 
nudeuf (Fig. 20). 

Although types of reaction have been observed, theu 

behaviour to war ds vital dy« does provide a general criterion for thstm- 
goishlng be tw e en fibroblasta and hlstiocytea. Neverthekaa, the occtikinal 
Qccunence of intrrmrdlate forms toggests the possibility thit the one m^ 
be capable of bemg tranafonned into the other 'Ims questioo ts • trfl 
disputed- On the whole, however prolonged ob s em tioo of the pgTlt b 
Dnng tiMCs has tended to the opinion that, altbou^ under varying cocdl 
tjons they may sometimes be difBcalt to datbsmsh morphologically they 
are t pertfi** types whose functions are not faterchangeahie. 
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Boide* fibroblast* rad hntiocytc*, the foUowmg cellultr elracntt arc 

*Iw to be found mconnecuve tissue— mesrachynwccli*,!^ plasiTva 

cells, £st cells, rad pigment cells. Of \hetc, me*enchymc cell* 

lup* the ksstobtrusW because of their mcoiispicuou* appearance. They 

pemde connectivt tusue everywhere and are of great importrace amcc they 
prondc stem ccUi for the differentiation of other more speoshied element* 
A* we hive noted, they are small cells with very scanty cytoplasm and 
•lender brrachmg processes. In lower vertebrates they have been observ^ 
to be amocbmdT^t it is uncertam whether they have this property m the 



Flo. to. Dmiog of ■ ipracd prepuvtiao of ttio m*#aDtn7 of i m wbidi bad mdved 
trpo ated ioiccliotu of u y aou bf^ Tba t Uuiu cy m tte cooimtad the fibrobkM bj 
(ba fikct UuK tbsT caona (svsukt of tba dye atoced in tboir cytapken. 'Hm 

fibrabkeCt beta ttben op tba dy* o^ to a aBgbi rxtnrt, ia tbo Brno of ■ few naQ and 
diaoue cnzmfaa dow to the trockua. Noto, abo tbe rtjyi^ tfaapea of tbe Uatlocyto. 

To tbe left wd bolow are aeoa a f«w tytapbo c y ln . MagoibcataaQ X 500 (approx.^ 


human body Tlwy are essentially an emhiyomc type of cell which pemsts 
in an undifftrentisted state m the adult tmues 

Mast cells > Mast ccBs, though not found m Urge numben m the 
hornsn body are rather chsractenstic «ns of connective tissue. Round or 
pobraonal m *h*pe, they are distinguished by the £sct t^t thar cytopUsra 
IS niied with granules i^ch stain deeply with basic dyes (e,g neutral red 
oc methylene blue) They are rdsthrly \rxy numerous in ^ connectiTe 
tmuc of certsm krerer msmmsts, c.g rodents, rad theysre more frequent 
immedt ste noghbourhood of blood vtssek. The tign^crace of 
these cells ts uncertain, but there » some evidence that they art concerned 
In the fonnatko of an raticoagulsnt substracc called bepann » 


tarn matt' h of Getnao orisfa, mipJylo* flat tbcM oik have a nutritfre 
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Plasma cells PlatTra edit are rarely found in ^ptcil conoectiTC 
Uflaue. They appear m considerable mnnben aroond mflammatoiT foa 
assodated mtb certain cbronic infecQona such as tubercnloau, and they 
are normsHy comeum in the subperitoneal tissue of the otneiitunn The 
cells are round or oval and tbeir nuclei show a characteristically regular 
arrangement of chromatm material which a dispoBcd in a radial dilution 
like t^ spokes of a wheel. It ta generaQr accepted that plasma celli are 
derived mrectly from lymphocytea which find thar way into the coo- 
nectire tlasue from blood vessela, TTicIr tsaociatiofl with chrome infectomi 
suggests that they may hare a protective function of tome kind, but h 
teema more probable thCT are piroducts of lymphocytic da g en erati ocL 
Pigment cells Branched cells containing melinm granula may be 
present m the subcutaneous coooectivo tuaue (Fig 13 d). They are com- 
paratively mfremient In the white races of manHnd, except beneath the 
skm of the eyelids, the nipple area, and the external genitals. In the choroid 
coat of the eyeball and tne Ini, however they are very numerous. These 
cells are prol^ly to be divided into two groups, those rW are specific cells 
concerned with the eliboratian of the melanin In their crtoplatm, and 
those that are connective tusne cells (? histiocytea) which narc takm op 
melanm granules from some other source. Former reference to these 
cells is mide in the section dealing with the skm (p 377) 


3 ADIPOSE TISSUE 


Fat cells are numercrus m normal beahhy connective tuaue, sometimes 
in such large quantities as to form a defimte adipose tlnue. A typical fat 
cell is Irttle more than t thin envelope of evtopiam r jTVP . iin g a relatively 
large globule of &t. The latter la formed by the coDection in the cyto- 
plasm of small particles of fiu which, as they acamnilite and Inaease m 
■txe, nm together m a tingle drop (Fig 13/) As a result, the cell body is 
distended s^ the nucleus pushed to one ode. 

It is stiH a matter of some doubt whether are specific in the sense 

that they are differentiated ceOs whose sole function is that of storing &t 
(^d periiaps aho of synthesixing it tm tUu by cn^mic action^ In many 
various types of cells, fine fat gianules are nonnalJy present id the cyto- 
phxm. Tlua is the case, for example, with fibrobltsta, and it is believed by 
tome cytoIogwtB that fat ceOs are simply fibroblasts m widefa £u has accu- 
mulated to a cocspicnous extent. E^le^ and Hewell have themn that 
fibroblasts cultivate m a medhtm cootaimng olive oil develop mttscellular 
&t m cortaidcrable quantity but it remains to be shown that this process 
of storage a strictly comparable to fat storage in normal adipose time. 


It (bould b« n>£nd t>tt, ki ecdfrtsrv ujjcjuaujfilct] p r vp m Uoos of tkaoM, ll» 
cefltent of tiM Im OMaOr best endt^ diMoInd twwr n tfat pnBmiociy tTHUncot 
v{tfa or xytoL la order to da iwo t triw hl aol mlo Dy tborefen, it u oacaMBrj 

to ovoid uanf tbiow fit lohciU*, tod tbi tfawca murt b* tpoi i r wij ki ■ w wfiimi m 
rifcirW. to p v-T«^ «rln" i-JAhMad. tit iiMTb*l<llprf Ml fc ri I ll y oiedraeM, n# 

dra ka own m Sch i ri or h rvd Mtd Soden 111. 

D E. Dockr and B. A. IleweS, *TIm niftiwii M fibroblati fai ttetn coFurw t* 
•Cvo Kkd nii«T« oOf* Amtr ymru. AmA 4* Ojo. 
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The direct ob«rmioii of fat formatioii m the hving tusoes of the rabbit t 
cir> has ihown that fat cell* are denvcd from connective tosue cell* 
tndistmgnuhable morphologically from fibrobhut*. The cell* c h a ng e from 
tn elongated to a rounded shape as droplet* of f^ begin to accumulate m 
thar cytoplasm, and the droplet* mcrease m *i*e and number until they 
coilf tcf to form a aingle large globule. 

Although the pre-adipose cell has thus been •bown to be morpholop 
cally mdistinguiihablc from a fibroblast, there is some evidence (adimttedty 
lacondusive) in &vour of the conception that it i* actually a specific cell 
type from the developmental and functional pomt of view In the embryo 
dtinng the month of foetal life, fat cellafe*t appear m the subcutaneous 

tissue as derivatives of undiffer en t ia ted me*enchymc cells, and rt may be 
fupposed that they have a similar ongm m the adulL When, a* the result 
of midequate nutntion fat disappcara from the cells, the latter revert again 
to vrhit appear to be meaench^e cells of an embryomc type. These 
remtm quiescent until, with improved nutrition, they agam become filled 
up with a new store of fat. Ampose tmue b charactensticilly organned 
into well-defined lobes and lobulea, each bong encapsulcd m a delicate 
sheath of coIUgcnou* fibre* and surrounded by a perilobultr net w or k of 
blood capilltnea, and in the embryo thm vascular arrangement i* defined 
m region* where fst wfll liter accumulate even before it is depomted- It 
is also to be noted that i^en fat is deposited m the adult, it tends to be laid 
down firrt m the neighbourhood of blood veaaels. Moreover the study of 
bt formation In Imng Usaues has shown that it develop* primarily m 
regKiQS in which the orcoktioa b moderate or ahiggtah. On the other hand, 
It tends to dmuniih rapidly when the circulation m adjacent blood vetseb 
become* over active, an ooscmtion which afford* some evidence for the 
effectiveneas of matsage, exerose, and the local apphcation of heat for 
decreasmg subcutaneous adipose tissue. 

In a well nounsbed mdmdual ^t is not laid down in all connective 
tmue* wh e r e fibrobli»t» arc present, but selects out particulariy certain 
regions — such a* tbe subcutaneous tbsucs the omentum, and tbe mesen 
tenes of the pentoneum. This selective deposition of fat may perhap* also 
be taken 1to indKate it accumubtes m specific cflla which have a 
defimte regional distiibution, rather than m ordinary fibroblast* which 
form a constituent of connective tissue everywhere. Such a conclusion is 
corroborated by ex perim ental observatioD* For example, if a piece of 
oppartnlly indifferent connective tissue nonnally dcstm^ to form a local 
deposit of bt b transplanted to some other part of the body where similar 
tccumukuons of fat do not occur it still becomes differ en ti al mto adipose 
tmue.* The specificity of fat celb u further suggested by the occasional 
occurrence of fat tumour* (hpomata) which dwelop as arcumscribed 
benign growths Irre sp ec ti ve of the developinent of adipose tmue gcnerallv 
m the body 


E. IL «od ^ L. CUA, Miuu*ajp}e studio of tfa* new fomwtioa of bt ki ribUt> 
Amtr jornm jvtat, 67 940 . 

UwJ Hiitwfcilunftttliidaft trTOBlimkrttt 



44 CONNECTIVE TISSUE 

Nomul tccmiiiiltumn of £tt rep roe nt enentiiUy ■ ttonn of outritiTe 
mateiiil which cxn be dirwn xtpon in ropoiue to the of other tiacuo. 

Thor me ind extent, therefore, tre Urgely dependent on the mtintenince 
of tn adequate nutritioii, and a poor diet lads reiy rapidly to tiw depletion 
of these natoral food stores m the body In some degree, bowerer this 
depletion is selectire. For ersmple, m parts of the body where fat lub- 
aerres a mechanical hincdon — as m the soles of the feet and the palms of 
the hands — it remains relatively vtnaltered m quantity even wfa« fat in 
other parts has Isrgely disappesred. 

The rcmoTil of fit from each mdividual cell apparently mvoirca m the 
first place a breaking up of tbe larger globtilea into separate discrete 
partrdes. When th* diappc»r the cytoplasm of the is left with 
Ticaoles empty of &t, and eubsequendy shrinkage of the cell body leads 
to the form ati on of a small meacnchymatoos type of cell with branching 
procesKs. It has been shown that — at lent under some cuemnstarkces 
inch as infiammatlon — the £at may actually be removed from tbe cell by 
the activity of hlstioates and other types of phagocyte. 

Besidea the geikeral adipose toaue of the body local accumahtions of 
fat whidi robserre a supporting function occur in certain regioas. The 
kidney for example, is normally surnxmded by tn adipose capsule which 
probshly has a mechanical funettaQ m helping to support the organ m its 
nomal poation. Tbs contents of tbe orbit are Hkewlse embedded in a 
mass of adipose tissue, and smee dtmof life &t Is m a fluid or seim fluid 
state,’ It provides a very suitable medixim for allowing free m ov em ent 
of eye and its muscl^ and at tbe tame time providing a supportmg 
matrix. 

As is well known, some msmpMla sccuanilate local stores of fat which 
can be drawn upon as leserres m case of need. Examples tre seen m tbe 
p<tTw1 • homp and in the fist taOa of a certain breed of sheep Rlmilr 
deposits are buQt up by hlbernsdog mamnnib in the form of conspKuoos 
muses of a dark-ctdcKnod fat at tbe base of tbs neck and in the scapular 
regioo and because of their appears neg these are sometunet called 
‘^jcmatlng glands They differ from ordinary adipose tissue by the fact 
that the fat n stored in separate granules in each fat cell (and not in a 
tingle large globule), and ^hta the fit dbappean the somewhat regular 
arTangement of tbe emptied cells suggests the structure of tn endoerme 
gli^ 

One of the most striking instaoces of the local storim of fat In man u 
found in ce rtai n African peoples (partKailarly the Buahmen and Hotten 
tots) in whom adipose titxue •comnulates to a remarkable degre e m the 
buttocks. Thb condition, which b tmnfd dtwtopygy often gives the 
Individual quite a grotesque appearance. While it occurs In both sexes, it 
u mamfested to a much greater d^ree in women. It ipoeart thus to be a 
eeomdary sexual character and ha de v elopment takes place at puberty 

Tb* iiiwhTmrj el ht rule* •cnwwbct ki dlflirait p«m el tba body on 

la ujtatkutVj n. A fakh pcnn uniixj of oldo (vfakfa bn low Bwttiaf-pobiO 

Buha b nwn fiuU. Stnrin and paimitSa u* tbo otfasr ooDCfaoKta of fiu, wwl. by them, 
nhn. would b« nOd at tba body taapentm. 
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4 THE MACROPHAGE SYSTEM 

It has been noted that histiocytes arc large phagocytic cells m the con- 
DCctiTe tissue which are able to ingest bacteria and particulate material, 
and which behave m a characteristic tray towards vital dyes by stonng 
them mtbeir cytoplasm m the form of coarse granules (p 40) Throughout 
the body m various tissues there are found cells which show the same 
reactions. Together they comprise the ntxado-^ndothehal or macnsphagt 
system. TTie former term was used by Aschoff* (who defined m systematic 
the common features of these cdhilar elements^ but although it has 
reference to the aasociation of certain elements with connective tissue 
fibres of a speasi type (reticular fibres) it has the disadvantage of aug 
getting that the systra includes til types of cndothelnnm Actually this 
u not the and there is now a growii^ tendea^ to substitute the 
term macrophage system as toggested by Evans ’ There » some doubt 
whether all its constituent elements are morphologically identical cell 
types. However even if the macropha^ syst^ as usually defined, m 
dudes ccDa of heterogeneous origin, it u none the less of great practical 
value to indude in the same c at egory all those cdls which show t common 
property in thdr functional reactions 

£Mda the histiocytes of connective tiisne, the macropha^ system 
mchides the foIlowLQg elements the cells which form the reticmar matnx 
of the spleen and Iraiph nodes the endothelium Iming the nnnsoidal 
blood voaels of red txaie marrow certain cells lining the blood smuses m 
the liver {Kupffer ctHs) endothdisl cdls linmy the smusoids of die supra 
renal glands and the anterior lobe of the pituitary gland, and the large 
phsgo^c mononudear cells which circulate in the blood stream. TTioae 
cells 01 the system wiudi are normally stationary are capable of bemg 
detached and converted into fredv movmK elements. 

The reticular cells of lymph nodes line the lymph smuses which pervade 
these organs, and play an important part as a protective by 

removing f rom the lymph stram deletenous material (see p 335) In the 
spleen reticular cells have a corresponding reUtion to the blood 
and here they arc aometimes seen to contain effete red blood corpusdes 
which are in. the proceta of dcstxucdoa by them. la the lymph nodea 
and the spleen the r e ti cul s r cells sppear to represent contmuous eitensions 
of the endothehum lining the lyinphaUcs and blood vessels which enter 
snd leave them. Neverihekas, tb^ arc distinguished from endothelial 
cells generally by their phagocytic properties. 

Reticular cells have been cr^ed with the property of produemg fine 
fibres of a speasi type which, m the form of an interlscing network, pro- 
vide a supporting matrix for the tasue m which they ar^ound (Kg ai) 
These reticular fibres arc somewhat tmdlar to coUa^oui fibres, but they 
tiro offer a strong contrast m s number of features. For example, they 
show no tendency to run in bundles, they branch freely and anastomose 


H M. Emt, TTm macfo rhif of mnrtTTwb Amtr JWh. Pkyt, 97 
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prhh och other andtbeytremxveninlluckiLets. Since they cm be demon 
ctrtted bj impregnatutn with iQver ultB, they are tomedmea called 07701^0- 
pktl fibres In t^te of their dtctinctiTe appouance, there la good reaaon 
to euppoae that reticular fibrea rrpreaent m unmatore form of collagenous 
tmae. In appropriately ftained aectKms (c.g of the lircr) they cm be seen 
to grade insensibly Into ordinary coUagcnotis fibres. Moreover argentopHl 
fibres have been obserred to develop m relation to fibroblasts m tiisne 
culturcB, and it la to be noted that even fuBy-developed collagenous fibres 
reduce silver salts to some extent. Lastly cadence has been iddnced that 



Fio. II Ritknkr or >rj«irnphfl ftbm ki the iplMs of rtbfalL Tlcy pnrrkh bm a 
ddkatt Mipporttof Caron ak tor tbi tymplioU tMoa. Tbo aectkai haa b«« impfafoaied 
wufa aOrcr caiUlioat a. Mafntfkai icp x 340. 


With Increasing age there is a gradual tianafonnation of reticular fibres into 
colltgenous tiatue.' 

Kupfi'er ggTla ( steOste cells) are found scattered among the non 
phagocytic endothelial frlla Imt^ the venous tmusoids of the liver and 
It has been o b ae r ved that under certain conditions they become pedun- 
culated and eventually set free In the blood stream as circulatmg phago- 
cytes. In the liver they tmt^ part in the deitructioo of red corpuscles rnth 
the formsoon of one ^ the bile pigments — bilirubin. Cootraiy to former 
views, it is now reifiied that bile pupnents arc not only produced m the 
liver but probably also by cells of the macrophage srvtem (including 
httdocytes) aH over the body for eipenmentsl evidmce has denaonatrsted 
that, in m In which the Lver has been removed, biUmhin is stfll 

produced m the tissues. Kupffer cells, therefore, are simply one group of 
the widespread system of lai^ phagocytic cells. 

In the maaopmge system should perhaps be Included the mesothelisl 
• J bL Wotf ft ^ Tbt of a tlnock ii tt* oo tb* cennwiln tbm Awttr 
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ccUi wliich form the fii>c mcmbnuxe* {arothnotd and/wfl matrA inverting the 
tpinil cord and bram Although th^ cdls m nonrud condition* ire not 
nyn* pinirni>i]j phigocytjc, Woolhird* ha* thown that u n d er the infl uence of 
imtint* they become rounded up and act free m the cerebrotpinal fluid as 
mobile phago<7tc* capable of mgertmg particulate matcnal and aawmilatmg 
vital dye*. In other mird* theae ceU* are atill generalized to the extent that 
they can become converted mto macrophage*. Herein they contrast with 
the of scrom membrane* »uch a* the pentoneum, which are apparently 
too differetitiated to be capable of taking on other than their speciahzed 
Donnal fonctiona.* 

In the substance of the central nervou* sjrtcm are aomewhat ipeoalized 
c^Hiibr elemcnta called microglial ccUa which arc probably of mesodermal 
o ri gin and which arc amoeboid and phagocytic. There t* reaion to sup- 
pose tKjt ahould also be inoudcd in the macrophage system 

(seep 367) 

In summary it may be emphasized again that the cell* of the macro- 
phage system form 1 protective and scavenging mechanum which pervade* 
most of the tissues of the bod^ and which can be called mto vigorous action 
when the body t* mvaded by infective micm-organism*. This 1* not to say 
however that other type* of cells may not have phagocytic properde*. 
Carleton has shown, for example, that the vagmal epithelial cells of the 
rabbit are phagocytic, and can take up carrmneparticles. hydrocollag (a 
coQoidal sutpeimoa of graphitel and bacteria. The tame author has aim 
demonstrated that the epithelial ceQs lining the alveoh of the hmg can be 
set free and phagoc^ose particulate or colloidal ruspesstona introduced 
mto the alveoh by the respiratory tract-* These cell* whose ongm had 
prcvKwily been m doubt, arc sometime* known a* dust cells Their 
possible histiocytic on^ i* discounted by the fact that they do not show 
the chtractenstic retcoon toward* vital dyes. Such examples of epithelial 
phagocytosis can usually be fairly aharply distmguished on morphological 
grounds from the amoeboid and phagocytic propertie* of connective-tissue 
elemcnta. 


5 CONNECTIVE TISSUE AS A SUPPORTING MATRIX 


It his been noted that connective tissue 1* an all pervading matni m 
vrtndi are embedded more highly organized tusuet such a* muscles, nerve*, 
fix. To this extent it obviously provides a mechanical support for 
these stnicture*. Round mutcici it become* condensed to form cpnnyiial 
aheaths and mtcrmuscular septa, penetrating also into the musde substance 
m between mdividual muscle fasacub. Ro^d vessel* and nerve* it form* 


pcnvasoilir and permeunal sheaths, while ji 
for glands and other structure*. 

^Vllcre mov emen t occur* b et we en one structure and another thia 1* 


It also provide* fibrous capsules 


R R Wo<41*ti 1, 'Vkil rtslnlii* of tbo leptotMninM JW*. Am. M to**, 
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bdlittted by a loosening hi the texture of the btervening connectiTe tmue. 
The free mroility of mmy ptrti of the ittn orcr underlying itructurci it 
due to thu. For eaimple, the tctlp k tepartted from the turkce of the 
tkuU by what u tometniK* termed a 'lyi^h iptce but widch k really a 
layer e xtrem ely looae areolar tkaue. llut came modiScation of cou- 
nectire tttsne u chcnrn b the fbnnatiQn of tendon which allow 

tcndona to more freely during ctmtiaction and rdaxation of mutdea. 
t Here and there b the body where a tendon liet b contact with a bony 
cmfrce or with another tendon, die obnccdve bacue may become to loose 
and open b texture at to be co n v erte d bto a well-defined and cnrumacribed 
tac b which flattened flbroblaata form a amooth meaothehal Iming tppar 
ently identical widi the synoml membrane of a jobt cavity^ Tb^ cacs 
are called ktrroe. Tb^ mnction aa tmall water coahiona m mhmnking 
the eflecta of presaure and fncUon, and th^ contib a romute amount m 
fluid similar to the aynovkl fluid of a lobu All atagea b the diflercntiation 
of buraae may be recognised m varioua parti of the body from a ali^t 
lootemng of the connective dacoe aaaodited with an openbg up of the 
tiaciie qiacea, to the fonnatian of a clear-cut cavrW A Knowledge of the 
poahion of tome of theae buml taca m the human body la of tome import 
ance tbce they are liable to infl a mm a to ry or traumatic aficctiona which 
may require surgical treatment They are pardcnkily numexuua b the 
naghbcurhood ^ }ointa, where tendioca are commonly found m doae 
appocbon to eadi other and to bony exmoencea, and in come ctaea a bum 
secondarily eatabhahea a direct communlcatkm with a jobt cmtr Sob- 
cutaneous buraae may develop over bony prominencea which Be immedi 
ately deep to die ddn (e^ the patella and the okcrinocpToctaa of the ulna), 
but U U probable that, aa well-deflned aua, these only appear advenddoualy 
b reapon ae to tome trauma. 


fi SUPERFICIAL FASCIA 

Besides fortmng a general matrix throughout the body coanecure tusue 
U ako differe ntia l Into sheets of fascia which are of^ to well defined 
as to merit detailed description b text books of top ographical anatocnr 
Immediately deep to the akm k the superfidal fracta. In the haman bot^ 
this ta ako caBca the paatiatba odsfx^ because b normal health It con-' 
i«bn an abundance of frt (Figs, aa and 33) In some areas, however fat 
U absent, e.g b the eyelid the acrotum, and penis here the auperflexU 
simply ^ loose areolar tusue. Tm amount of aobemaneoua 
frt shows a Terence, for b women It forma a thicker and more 

even layer softening the aurkce contours of the body m a c h a ra c te ristic 
manner The panniculua adtposna k not developed b arrimati with a hairy 
coat b the tupcrficul baas k loose areolar tkaue, which, inciden- 
tally aliowi the akin to be atnppedoffquhe readily from underiybgtiaauca. 
The rekdre absence of in man demands the provitkm m a sub- 
cutaneous layer of kt to take its pkee for the conserration of body b^i 
Tba sdlpOM* t» pwtkxiintr vtQ dmlof>ed In vtokt, wb u t m ■ tUck 

hii K) kspomet Ucxte fa mriswfci i nt mppw w w*. 
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The iuperficial ftnai » not everywhere Ipmogeneous, for it may be 
differonUttcd mto more than one layer of fat by intervening layera of 
fibroin twue. Over the lower part of the abdominal wall it contains elastic 
tissue m snffiaent abundance to comprise a separate stratum — the fesaa o£ 
Bcarpa This to play the part of a natural elastic beh, aiding m the 
support of the abdominal wall and, through it of the abdominal vitcera. 

T^e superficial ftacia provides a mcfiium through which run the cuts 
neous nerves, blood vessels, and lymph^cs which supply the skuu It also 
mritalna the mofc deeply situated aweat glands the ma mm a r y glands, 
and, here and there loctdiied groups of lymph nodes. Among its other 
occasional contents may be mentioned sheets of cutaneous musculature 
whether this is striped muaclc (e.g m the fiice and neck) or unstnped 
muscle (c,g m the scrotum and at the base of the mpple) 

Supcrfiaally the luperfidal fiiaaa passes rather abruptly mto the con 
nective tissue of the mtegument (the comim or dermis) On its deep 
awiect, bowercr it ts thinly demarcated from the de^ fascia except 
where this ia but fedily differrotiated. 


7 DEEP FASOA 

The conautency of the de^ fssda vanes qmte considerably Over tbe 
limh« It 18 extrem^ well denned as a tou^h sheet of white fibrous tissue. 
This forms a non^elastic and tightly fitting sleeve, keeping underlying 
structures m txmtion and preservmg the characteristic turfisce contour of 
the limbs. ^VWc bony ndges or eminences approach the surface, it often 
blends with tbe pcnostcum and u bound down to the bone. Mu^cs Irt 
Qoently gam an cxteniivc attachment to the deep aspect of the cnaheathing 
fsscia, a^ the latter is further strengthened m these places by the depon 
tion of parallel bundles of collaffcnous fibres so as to form a defimte apo- 
neurosis. Moreov er wherever the deep fiuaa a subjected to tension it is 
reinforced m the same way For example, where it covers the tendons at 
the wnit or ankle, tianivcrae bands are differentiated which serve the 


place, in tbe palm of the hand and the sole of the foot it is unusually 
thick, forming a mechanically protective layer — tbe palrrm r and plantar 
fasciae.^ 

From the eniheathing layer of deep fwaa processes extend down 
among subjacent structurci to form EmcuI septa which, m the case of the 
Umbi, mark out a senes of compartments con taining separate muscle 
groups, bundles of vessels and nerves, &c. (Figs, aa and 23) Similar 
processes have been described in other parts of the body (e g the pelvis 
and the neck) m very complicated detail Many of them bowever are not 
to well defined as to deserve the descriptive attention which they have 

JT scaudlv reprewit Um retorin* of tb* 
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•omctunc* recovcd, for there U little doubt thtt, to the bcwildennent of 
the itudent of tntiomji tccounti have been gnren m tcxt*books of fMcul 
plane* which do not exist ai tudi in the ond me c t ed bodj In the process 
of manual dkscction, as one structure after another u cleaned with forceps 
and scalpel, the mveatiog and relatirclr homogeneous matrix of conne cti Te 
tissue in which they are embedded coUqise* sheets of &acia which are 



Flo. u. Dhcnm of a acrtlon tfaroofh tb* k* «t tfa* of dM ia wfakfa tfa* 

f i ftil plane* UTo been pecauTcd afta renMw of tbo £>o«p to tb* lUa la *e«n 

tb* supcfftdal fwck. cod deep to thk tbe etafaetoblat IsTcr of daitp wck. ri o ca w* of 
ibe IcRer extend hi mont tha pwmrti-« to focn hee m iu cculax aep ta , end alao aunowd 
vcMcla end nerre*. T Tiok. F Flbok. 'Ibc narmotraesta are to dWw d *a 

foOov*. TtUalia entotor *. ExtvMor htofu* facSuck. EitRMOC loncua difhofuin. 
4. Ptoonco* bTvria. 5 Perooeta kia(u*. 6. TiMcfi* pocteefer 7 Flexor toocu* dlfhorum. 
a. FVacoe loetsoi hattneta. Soleii*. 10. O a e trocBemha. 

really quite artificul in tbetr definition. Apart from these manufactured 
plana however there are certain wcU-defined fascial septa the existence 
of which h ts important to rccogmxe smee they play a part in directing the 
sp read of pathol^cal efiusktns of fluid or of new growths. Fluid tends to 
track along such usctal plana and also to be hmi^ by them. Moreover 
lymphauc drainage routa also tend to follow them, and these pronde 
paths by whicb mfections can sprad from one pan of the body to another 
Hence a knowledge of ftsckl plana is of conslderible prsctscal importance. 

Among tbeir other functions, diff ei ent u ted sheets of deep fas^ which 
form intermuscular septa and interosseous membrana serve as addittonal 


DEEP FASCIA 5i 

gurfice ira» for the «tt»chniciit of imisclc*. The muid« of the fonann, 
for oamplc. tike thar ongm very I^y 

deep factt, the mtermutcuUr septa between them, and the mtcnweous 
membrane conncctiDg the radius with the ulna. 



Fm. s> Section thnxiffa d>e faiUVOBMot of tfa* kg of ■ tnimm foctm tflcd ■Mr c uina tdy 
7 tnackds, «bcnr^ Uie Tsrious twAl kjuc. Ab>7T« h xbm tUn, comltim g of Uk epvksrsik 
*nd tbe d«nae corWi (C). lo the Utter ei« mtM hair folhdea. Benceth tit* codum ia the 
•uperSdal Cnda {S) coctaktiBg of fatt^ ctatw tup^iorteil ^ deUcste term of coIUfeixm 
twrao. Two ojtenema blood TcaMk are •am fai Um nmrfidal fuck. '1^ deep £u^ (D) 
k forcoed br enmpa<t kjec of cofUeenoui tkaoe. Deep to it are •een po ri o na of two 

moacka (if) and b e t ir mj than an latcnmscaUr aep tum (/). MagnificatiaQ X 54. 

Qrcolatory functions of the deep fascia One of the uKadcnttl 
functions which may be ascribed to the enabeathmg layer of deep fuoa 
IS that of promotmg the orculatiOD m lymphatic and venoua channek m 
assoaation with muscular actmty The limb musculature la contained 
•within the deep faseta under some tcnaion — as is ahown by the buJgmg 
out of muscle through a puncture wound- When the muiclcs contract 
against the resistant kscul sheath of the limb the compression of the soft 
waDcd veins and lytnphaUc vessels which be among them necessarily 
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•ccelerate* the 5 ow of tbdr content* to the direction detennined by their 

ralrc* (tee p 183). The veiot in the tuperfiatl fttchi are iKtt exposed to 

thn m«:hatiicai ir^uence and support, and b the Icnrer limb they are for 

this reason particularly liable to sancoshlet b assocution with a poor 

circulation. 

RetentioQ bonds &c It hu alreadr been noted that, when connective 
tissue b exposed to sny tensQe strab, deposition of coUasenous fibres by 
the sedvitT of fibroblasts leads to the formadon of structures which have 
a purely mechanical restnlning function, such as retention bands, fibrous 
pulley check ligaments andso forth. Manyexaroplesofthesemechantsms 
could be given b the human body Tendons occupying bony grooves are 
commonly boimd down by retention bands. One of the b^-defined 
pulleys b that through which the supenor oblique mutde of the eye tumi 
dorm to hs msertkm, and as a dieck hgament we may Instance the fibrous 
expansion by which the anterior end of the lateral rectus musde of the 
eye u hitch^ to the makr bone, and which serves to put a brake on its 
contractKKL In the more eUbonte fibrous stnicturcs — such as the fibrous 
pencsrdial sac and the pro cesses of the dura mater m the skull — the 
coUaffenoos fibres wbdi term thetr basis are found on dose analysis to be 
defimtely oneotated m bundles along tbe lines of tension to which they 
are subjected during Ufa. The vanons mechanical &cton which determine 
these arrangonents (b many cases quite complicated) have been worked 
oot m tome detail * 


8 SUMMARY OF FWCTIOHS OF CONNECTIVE TISSUE 
Tbe preceding account of the anatomy of connee ti ve tissue has shown It 
to serve a muldpUaty of functwos b xix body It is convenient to sum 
mirize them b tabo^ form. 

1 In virtue of the cu fs fu r ii jto stu us cells of an embryooie type whkh it 
cfmtsirtt. connec th re tissoe provide* a geaenlaed tissue opsblc of giving 
rise under certain drcuirtstances to more specialized dematta. 

1. Aa a packing material c ocm ec ti v e uasue pmndea ■ tqppo r tinf for 

more highly ortmlaed ttractnrca. 

5. IncidenndlT H provides, by its bschU pfautea, p a th w ay s for oervea, blood 
veaseia, and lyi^hstk vessda. 

4. Where n b iooM b texture U fadlltates merrement between adtacait 
ftmetures, and, by the formation of burtaJ aaca, it mlnlmim locaOy the 

of pressure and frictioo. 

5. It suppUca rcatramiog mechanism* by the (fiffe iaitk tion of retentfoo 
bands, fibrous puQeys, check finmeota, Ac. 

6. Tbe esabaathiog la^ of deep usda pcsei vcs the cbaracteiiitio co nto or 
of tbe th'nti*, s^ aids In tbe promotxm of the drculatioD in rdnt end 
^phtric rmaela. 

7 Tbe extabeatiung layer of deep ftsda. togetber whh intemmscular septa 
and lull rrasrrmi toonbrim, provuMS adtfitiooal surface are* for tbe 
attsefament of mosdes. 
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8, Ft»o*l pliDC* m*y pl*y m iroporttnt p»rt m determining the direction 
of tpretd of mfectiottf tnd of pithokwial effusion*. 

9. The fuperfidil fucu, which fono* the pmnicaha *dipo«ti», tllcrw* for 
the •tonge of ^ ind *1» provide* * Kirf»ce covenrrg which help* to 
conserve oody he»t. 

JO In Tirtne of h* fibrobUttk tettvity connective tmut ud* in the rcp*ir of 
bhme* by the dcpontion of coUsgenou* fibre* in the form of *c*r ta*ue. 

11 hiitiocyte* ofconnective ti**ue comprae p*rt of *n nnportint defence 

tginm bacteral mv«*lcm by their phagocytic •cdvity u well 
t* pliymg the part of tciveogct* In ttanoving ^ ddbm tiKi foreign 
mttcriaL 

12 The meihe* of loose conncCtiTo ti**ae contain the tJ*tue fluid which 
provide* an enentUl medium through which the ceflnlir el em ent* of 
other ttasne* are brought mto foncdonal relation with blood and lymph. 
Connective tiasue tho* hat a notrhive functHn. 

Beude* theae gcnerul functiona of connecovc tiaaue, it alto contribute* to 
tha: apccial function* of the more highly orgiaued atructure* and organ* 
mto the compoartion of which it cnteri. Some of the»c function* will be 
noted m sncceeding chaptera. 

From the account whuA ha* been given of connective ti»aue, it will now 
be realized that thu u by 00 mean* merely an men packing material 
which occupies the interstice* between hi^uy oigamxea etnicture* such 
u muadea, veasela, nerves, glanda, &c. It a a tissue of manifold functions 
of great importance and therefore requires the cloeest attention of the 
student of anatomy 


9 BODY CAVrnFS 

Mentton has been made of burtsl cavities which are formed m con 
nective tissue m order to permit of free movement between sdjacent 
atructurca. Preciaely timilar to tbeae are the cantic* of synovial joints, 
which will be deah with in a later chapter A third type of cavity which 
occura m connectirc tmue la represented by the acroua tacs of the body 
which include the pcncardial, pleural, and penumeal caviUe* Although 
m their mode of formation tnd m the nature of tbdr lirmig r.«1U th e re 
arc rather apecial formation*, it i* convenient to refer totiicm m thii 
acction. 

The acveral aerou* taci of the adult body are derived m the embryo from 
one contmuou* body cavity the coelom face p ao) At a very early ttage 
of dereloproent (thud week) thi* i* first indicated by a cleft appcanngm 
the majs of mesenchyme which fiU* up the embryonic blartWTst. Sub»e- 
quentlv further isolated apices appear m the embryonic mesenchyme and, 
by coaIe*ccnce, contribute to the formation of a ca^ty separating tho body 
wall from the developing viaccra (Fig 7) 

Antcrioriy the coelom aurrounda the heart to form tho pencardial aac. 
Thi* u linked up bchmd with the pentoneal aac two penctrdio-pcn 
toncalcanaU, one on either aide of the midhoe. The peritoneal ate beemne* 
occupied by the abdominal ■mcera. while the pcncirdio-pentoneal canals 
aceomroodatc the developing lungs tod form the pleural nft These 
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different compartmentt of the coelom are toon teptrated off from each 
other The Urge ducts of Cuvier carrying blood to the heart encirde tlie 
openings from the pencardUl loc to the plural ucs ud uhlmotelj occlude 
them entirely The pleund sacs become in their turn cut off from the 
peritoneal cavi^ by the developrocnt of the diaphragm. In the mole, a 
fourth subdivitiOQ of the coelom is formed by the heroUtion of a part of 
the penCoDeol toe which surrounds the testicle ax it descends into the 
scrotum. This becomes separated off ss a dosed toe, usuollr just before 
birth. Although these serous sacs are (n common speixh said to contain 
the v Uc era which they ore assodat td , it should be realized that 



Fto. S4. dhftmi rrpe e— n tfaj • Mctlae i hr o u|i i Um bdortdrul 

crrltr Tb« MdsoMm ■ «ham laiias th» crHtr Wb«» h bica ms bodr wvH it i* 
callifd tb* Mrtetml perifioneoto (fW ). kfu wfam ft b nOtrtmi ow tlas T Mca > b ii cdM 
Um rbociu pvftoaeom (Vi$e ). Tlw amall fa at e td m, wUdi k an iaX Ttp a lto omT vftcoi. 
ia atvwn atmnat cocnpWatf kiiaatoU Irr pari a ac ui B and auapeadad ftnni tb« pfl tari or 
abdocnfttal mQ by uw aa nfm y (O/g.). Oa ajtbar aide ara ae«a tba aacandlna aod eftacaod. 
ki( p ort ioaa of ookn wUdi an ontf panlafly wm a J wid> pajftouaam , and art tboa 
aaU to tM'nOrpaHtcoaal 

Dormolly they ore in effect empty potential carities the hmng membrane 
of which a everywhere refletied over the vactio. 'Ihe Utter are thus 
covered by s visceral Isyer of the serous membrane which a cootinnous, 
often through fWds or tuumUntt with the parietal Uyer lining the body 
waB. 

The nature of s mesortetT can readily be appreciated by reference to 
the diagram in Fig 04, whkh represents s tranirerse section through the 
gh/inrr^ina1 csvTty lo the mid-lioe is shown the mesentery of the «™n 
inte ftT r^ , s double fold of pqitao a nn suspending it from the ffoot of the 
vertebril column. It wiD be realized tfast the mesentery allows considerthle 
mobility to the small mtestme, sod at the ssme tune providea a route by 
xrfakh vessels and n aves reach it from the postenor sbdomirtol wall On 
cither side are tw»g in section parts of the Urge intest in e — the ascending 
end colon. These hove no mesentery and are thia much less 

mobQe the ttwTI intestine. Being in direct contact with the pootenor 
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•bdommil vniX vntK tio mtervctmig pentoneum they arc » 2 id to be retro- 
penttmcal It tnay be noted, bowcver dut the whole length of the colon, 
tnd tI»o certftffl other vucera which arc nonnaDy retropentoneal such as 
the duodenum and pancteaa art pttmdcdvnthamcsentery in the embryo 
Dimng development they become aecondarily retropentoneal by the ap- 
potidon tnd fusion of one of the pentoneal liters of their mesentery with 
the panetal pentoneum, and the cubacquent absorption of the fused mem 
branea. It is of some practical importance to be acquainted with this 
cmbryologictl proceae, for it may occur as the reault of mal-developmcnt 
that an embryonic mesentery pertista, leading to an abnormal mobility of 



Fkl >5 Sprei^ {n«p«ntkin of Uk pentmcil membnoe, ttnned whh tilTCT aunte. The 
imernUalcr cowm eubumnea ha* bccocoe atained br raductioo ot iba aOrer uh, outlining 
the Miraal otlb hlaanifiataop X 140. 

the viscera concerned and the potsibility of certain pathological conditions. 
It IS unfortunate that some mesentcnc proc ess es stiU retain the old detigna 
tion of ligaments for tha suggests that they play a significant part m 
holding the viscera m their normal poeitiDn, In fact, howe v er they arc 
not concerned with tins function, and surgical cperttUJns which in the paat 
were devised to correct misplacements simply by shortening pentoneal 
attachments nrored uosoccessfuL 

It IS probable that a codom was developed primarily m in ipial evolution 
u a sac into whidi the sa glands could dischii« their reproducove 
cefis The further elaboratum of the body canty h o w eve r was directly 
related to the development of a omiUtory system with a rhythmically 
contnetmg heart, of a puhnoniiy mechanism of respiration, and of t 
mobile alimentary tract,* In order to permit of free movement in any 
v iscer al organ, the latter must of oeceasity be surrounded by a potential 
space. The existence of the coelom ill^ the smooth surface of the 
visceral layer of serous memb rane to gbde freely over the opposed panetal 
layer The heart can thus alter ita shape m its rhythmic contiactiOTts, the 

Amc 'TI** fuoetwal hiKoty of tb* cotlun ,nd the ditpbrifra jemn. 
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limn can expand and colUpae in rapiration and the btectmal tnct cm 
undergo peratalbc movtmenti 'mth mtnnpal retktance from lurroundlng 
ftnictures. 

The easenrfal itructure of i cmnia membrme Is t IMog ltj%r of /lit 
pavement cella cemented edge to edge whh m intercelliw eubatance 
(Fig 35) Thia mcaotbelial or aeroaal layer u aupported ^ an underlying 
layer of conneedve tiaiue. For many yean h was generally ‘accep te d that 
th£ meaotbelial Imlng b not complete — that mlnnte gapt of atomata occur 
between adjacent ceUi through which flmda or auapenaiona of particulate 
matter cm escape from the cavity Critical atudiea with carefully con 
trolled technique have now led many anatomiata to the cooduaioo that, at 
least in the case of the peritoneum, these atomata are merely artefacta in 
hktological prepaiadooa and do not exbt m normal Imng tmue. Absorp- 
tion from the pentoneil canty therefore, muat tmee through the 
mesotbelial cells or through the Intercellular cement suSatance.' 

By using the technique of staining with vital dyes, Cunningham* has 
aho^ that serosal cells are of a tpedihacd type, incainble of b^ng trans- 
formed into macrophages or fibrobbstB. In scute inflaromstoir conditions 
they may be shed Into the cavity but they undergo rapid disintegTatioD 
the^ A lesion of the mesothehal hnlng of a scroiu aac is repaired by 

S ' ‘erstion of surrounding mesotbelial cdls. If the dcooded area ts too 
^wercr Hbroua tdhesims axe formed by the activity of Sbroblssts 
: connective- Qsaue substratum, but these are apporentlv incapable 
of forming new seroasl celk. The practical tigmficmce of t^ la that, 
foDowmg extensiTe deatruetkm of the mescrthclial Hrikig of a seroua mem 
brme by mflamrtutory proceasea, gross adhesions rosy be formed which 
seriously limit the normal mobili^ of the viscera. 

Howmr then may b« cn «xceptl« to tfak jmcnliaaiieD in tfao caM ot tbt pari 
Imum corecins tbe dkiphnem, for Alkn (AMtt, Jijc. 67 i^j6) bm* rfirrrffft peritooeri 
M Doemri opeuno* ki dtb racioo. or tihim vaatalt. Tfareu^ tbaae 

atmutn, QbMi wbhin tba paritooaal enritv •>* baUerad to nio (QtM to ma Ijia- 

pbttk tarifVbrihiiii. Saa alto H. Florey. *Bfririw nri ata mrti oo by lympfaiaica, 
vitli ipacial rafai e oco to tfa o aa of tba dkjJiimn Bnt. hafJk . 8 1 any 
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IV 

CARTILAGE 


C ARTILAGE u a fonn of aupportmg tiMue in which a firm naiholt 
imitni u deposited mterccUiilariy by the agency of cells called chondro- 
blasU The matni mcorporatei connective tissne fibres to a variable degree, 
and upon this depends the recognition of three mam types of cartHsge 
hyahne, elastic, and fibro-cartilage. In contrast to bone, csitHage as a sup- 
porting structure combmes a certain amount of rigidity with considerable 
floobility and resilience. 



Fio. a6 Mkxvpboto^rtph ■bowiof tbe ctrocture f bTilkte c*rtilase u K«n in die will 
of iuynx. Im cimUgo li conred by • layer of fib rota tana, tbe peridiondntim (Pc ). 
MigmSotkin X lo ( ppreg.) 


Hyaline cartUo^e Hyaline cartilage is a widespread tissue during 
embryonic life, for rt provides the bosu for the ossification of the gr e at er 
port of the skeleton ^ the adult it pemsts in the cartilage* of tbe larynT, 
trachea, and bronchi m the cartilage covering the articular surfeecs of 
booes, and in the costal cartiligea. It is freely sprinkled with cells which 
are usually scattered fai^ evMily in the matrix, completely enclosed m 
small space* or lacunae (Fig 26) These cell* are rounded m the central 
region of a piece of cartilage, but become flattened towards the penpbery 
Except over articular surface* hyaline cartDage is enclosed m a connective 
tissue sbeitb, tbe pcnchondnum, and here can be observed t gradual 
transition from typical cartilage cell* to connective tissue cells. In the 
motni the cell* arc commonly disposed m discrete group* of two three, 
four or more which have arisen from the division of a smgle chondroblast. 
Each group u enclosed m t capsule of more recently deposited matrix 
whkh show* up by it* deeper stainmg Mitosis is the normal mechanism 
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of cell dmston in immiturc cutiUge, but it appetn that bi the mature 
tUBTue cell dmtvoti only rarely occurs and txlu* place by anuto«it.> 

The intenmual matnx of hyaline cartilage coraiata of a translucent 
aubatance rrfuch u particularly raatant to preature force* and at tbc aaroc 
time pewocaae* coniiderablc claaticity Exnbcdded in It u an extremely 
fine rneahvrork of colltgenoua fibnU which can only be detected by special 
hutologicil technique rhc\ are arranged m a charactcmtic jeattem with 
reference to the groupt of caniUgc cell* and to the tcnaional requirementa 
of the camkgiRous maaa ai a whole * In lU structure byaltne cartilage has 
been compared mechanically to cord motor tyres m wKicb the rubber 
(equivalent to the interstittal h\al«ne lubttance of cartilage) •ervea to 
reaiat compreanon and the cord (equivalent to the collagenous fibnU) to 
font tension 

The probiern of the nutntion of cartilage cell* embedded in tbc middic 
of the mainx haa attracted considerable attention Some anatonuat* have 
deaenbed a system of fine canahculi permeating the cartilage and linking up 
the lacunae in which the cells arc confined Ins generally agreed however 
that these are artefacts and n seems clear therefore that nutnment can 
onlv reach the ceiU bv diffuaion through the matnx itself 

In reiatively Urge masses of cartib^ \aacular amali are sometimes 
found penetrating into the cartilaginous aubaunct from the penchondnuxo, 
often to quite an elaborate extent These have been described m some 
detsd by Ilames * In human development they first appear m the third 
month and b\ the se'.endi month at! the larger maases of canilige in tbc 
foetus are nchlv permested with them They contain blood vessela rur 
rounded bv lc»ow: celluUr tissue (Fig a-) 

rhere is hnie doubt that cartilage cans)* are fonned to meet the nutn 
uonal rcquirornenw of cartilaginous masses which exceed a certain bulk 
While they are a prominent feature of the epiphvsitl cartilage* (at the end 
of long b^nei) m irun thev arc 4b>ent m those of small mammals such as 
the rat On the other hand ihcv are absent m the rclauvch slender Isrvn 
gc*i cartilages of man but well developed in the much larger laryngeal 
cartilages of the ov It has been supposed thst thev are formed as a direct 
preltminary to the process of n jhtatj n but this u certainlv not the case 
for thev appear n the foetu* quite a tonaidcrublc time before osviticafion 
commence* Having been lormed however the contents of the canals 
certainly provide the osteoblastic tissue and the vaacuUruation for OMifica 
uon when th <» uitimafch begins and also determine bv their dutnbunon 
the position where the cent e of jssihcal n appears (Haines) 

liierc 1 * some doubt ai to the mode 1 development of cart Ugc canaU 
One view that they arc the result ol an act le inia. on of pcnchondrul 
uaaue which crjdc* the cartilage by the chondrochutic act on of vascular 
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endothelium, but there is some evidence to suggest t^t they are fonn^ 
by a proceti of mdu»on of pen^ondml vcssdi as the camlagc expands 

by a furiiwc accreboii- t 

Histogenesis and growth of hyaline cartilage In ^ embryo 

camlafle appears as a diiTerenttttion of mcscnchyraatous tissue. Tnemesen 

chyme c3s retract their processes and become more n^ded, tThile an 
mtercellular matrix of clear mucmoid fluid is deposited between them. 

This transitional stage IS termed precurtii^ Then round each mdmdual 

cell (which IS now termed a chondroblast) true cartilage is deposited as a 



Fig *7 Dnwmt of r c cu ii ti ucdoo of thick tectUQ tboviM the caitili|« exosb of 
the uppw coefof tho fgmir of t chUd of td^fatrm months. (Fran R. W mniea.) 


thm film of hyaline substarvee which has a basophil reaction. The tissue 
thus takes on a honeycomb appearance,, and this rapidly changes to the 
appearance of more mature cartilage by a rhirtwnng of the mtercellular 
septa leading to a wider sepsratioa of the enclosed cells. In the adult, 
new cartilage can be formed m the tame way by a metaplasu of connective 
tissue ctlit. 

In young growing cartilage, expansion takes place mainly by the pro- 
gressive differentiation of mesenchyme cells m me surfscc pcndiondnum 
to form chondroblasts, that is to asy by surface accre ti on. It also mvolves 
some de gr ee of Interstitisl growth Harris and Russell have shown that in 
a growing cartdagmoui epiphysis which has begun to ossify a zone of 
proUferatmff carulsgt cells separates older cells at the surface from older 
cells immediately surrounding the centre of oasificttion. 

The regeneration of cartflsge following injury has been atudied expen 
mentally m animals, snd it tppears to result mainly from the activity of 
the pcnchondnal ceUs. It h« also been observed from tissue culture 


6o CARTILAOE 

cxpenmcnti tKat peridioadrial ceila hare i specific p o teu dality for forming 
cirtihge tbou^ these cells are at first indistinguishable motphologKally 
from ordinary fflunblasta. The formation of new cartilage has nirtber been 
studied by the tran sp a r ent diaraber techniqne m ribbtts eais.> Here the 
cells whidi later form cardlan are *l»T<ngr to fibroblasts th6u^ it has not 
been possible to determine mLether they are derived from mdifferent con 
necttre tissue or from penchondiial ctlh from the adjacent ear cartfiage. 
It u also uncertain whether the intcrcellnlar cardlaginoQs matrix la a dir^ 
product of cell secr e ti on by the cbondroblasta, or an extra-ceUolar forma 
don effected as the result of some chemical change mduced by the cbondro- 
blasts. 

Structures whkh are normally co m posed of hyaline cartilage have a 
tendency to calcify and ossify b old age. For example, the cartiliges of 
the larynx usually show a partial conv er sion bto bone m later life, com- 
mencing with the deposition of calcified plaqnes on the s urf see. The 
costal cartilages undaro stmilar changes. 

Flbro-cartllafte This type of caitiltge consists usually of bttle more 
than dense whhe fibrous tissue with small sc att er ed islsnds of cartilage 
cells. The kttcr are by no meant conspenons. Flbro-cardlage ts found 
b lymphyaod jobts, and m diarthrodial joints betwee n membraoe bones 
(seep 151). It is also t usual component of tendons where they are exposed 
to fnctl ml pressure, or at the pomt where they are msetrf bto bene 
(see p 67) It hu aJreadv been noted rupra) that hyaline cartilage 
contuns collsgenous fibnii embedded b its mitiiL 'With advancing a^ 
tbs coUagenous tissue becomes bcreasbgfy pmloanbxnt so that the 
hyaline csrtilagQ of youth may become the fibrous cartilage of senility 
Indeed, it hu been said that the tnmsfonnation of byalme bto fibrous 
cartflage is one of the earliest tiges of ageing b the bo^ > 

Elastic cartUa^ In clastK csrtilige matrix » penneated with a 
nch pc twof k of clastic fibres, wfaidi pr^de the tissue whh considertble 
resilieDce. This type of csrtilage is anlr found b a few isolated regiona 
b m»n, e.g the cattHage of the external ear and gg rtn in of the laryngeal 
cartilages, such n the epiglottis. In contrast to hyaline cartilage, it notnwlly 
shows much tendency to aldfy or ossify with advancing age. 
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BONE 


T he raiin supporting structure of the vertebnte body is m endoskeleton 
of bony tissue. Thu u m strong contmt to the diitinoui cxoskdeton 
which subserves funcuons In mvertcbnte*. The fonctio:^ and 

growth adiptitiona of an exoskeleton are limited and m thor arfoption 
of this alternative method of bodily support, the mvertebratea are at a 
disadvantage m evolutionary poiaibilitiea. Many vertebrate* supplement 
thetr endoskeleton with a partial cxoskcleton- Such are the bony dermal 
plates m certain fishes, the carapace of the tonotsc, and the armour of 
the armadillo 

The human skeleton can be divided mto somatic and v»ccral categonea. 
The somatic skeleton is developed m the body wall and compnsca the 
bones of the limba, the trunk, and the greater part of the skuIL In addition 
to thu major part of the skekton wnidi m its composition is morpho- 
logically very stable throughout the higher vertebntea, vanable osseons 
elements may be developed in tendons and bgaments forming sesamoid 
bwe*. The viacerai skeleton ccrmpriae* the branchial wrcbdematrrt* such 
as t^ mandible the hyotd bone, tbe oetide* of the middle ear and the 
caitHtge* of the larynx. In certain mammals, also bony stmeturea develop 
in other splancbtuc tissuea. Examples of these are the oe cordis, found 
m the mterventncular sqjtuin of the heart of large ungulate*, and the os 
pcoii which is very frequently present m lower mammab. 

True bone consists essentiaUy of calcareous matenal deposited m a fine 
mstnx of coQagcnous fibres, and It vane* considerably m It* dens^ It is 
important to recognae the Imng and plastic nature of bone, 't'he dry 
bone* which are studied m an anatomy department give an nnpr easi on of 
stabihty and immutabilrty which is very fllusorv They tend to be regarded 
as a completely rigid to org an ic framework which peraisti m file mature 
mdmdualuninfiuenccdbythefactoiswhjchsoreadjlyiDodify mould and 
distort the softer structures around- This cnonccra* conception has not 
iniiequently led anatomists and other* to attribute to the smaller detail* 


of bone form an intnnuc morphological value which b bv no mearu 
iostified. Bone is essentially * Imng tissue supplied with blood vessels 
and nerve*, and not only it* external mnn but also its mtemal architecture 
can change m response to the strease* and straina to which it a tubjected 
during We, Inde^ it has been remarked that, next to blood, bone n the 
roost plastic tiaiue in tbe body Even if this u an exaggerated statement, 
It serve* to cmphatnc a highly important conception. 

The primary function of bone a* a supporting framework for the soft 
tissue* of the body u self-^dent. Tbe skeleton not only provide* for 
ngiditv of the body a* a whole, it also form* a sene* of mechanical Icvtra 
to which arc attached muscle* and ligannait*, tllowmg of free mobmiy 
Certain part* of the skeleton, again, have equally obvious protective 
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fimctlona, e.g the bonj thonx and the ikuIL Bone abo tervei as an 
important reai er voir for caldum Khidi can bo drawn npon when required 
for tpeoal metabolic ectmtiea bdeed, the ekeleton contama approxumtely 
97 per cent of the total caldum b the body 


1 THE STRUCTURE OF BONE 

If a limb bone such ai the femur ia aectioned longitudmally the abaft 
n teen to be a tubular atructure with waBa of denae compact booe, and a 



Fn. sS. Diasnm np^acBtiaa tbi w^nriiT lamriUr itmcture ol booe. Tb« cvKatrfe 
limuTki of tbi Harenbo i/vnut kr« fadksicd. ibo tba aoMtoiBaina t yi ttm at 
Hvrwiahn WMb (He.). Tbt sarfM of tb* booa k co tw » 1 by pcripbcnl (A). 

It abooU b« nTtp lM bo d tfact ki tbe Jluti'aiu tb« Havenbo wtem ar* rapnsanted 
•Qtinly oat of profMJCtkatte mb ki ordar w todlcal* ■ cLu a tka fly tlicir atnafttnect ki 
looa baa. 

centr a l canty — the medullary or marrow canty The latter contama, m 
Ufe, yellaw marrow whidi ta mainly compoaed of fatty ti»ue. The d i re 
rnirif* of the bone are filled whh a apooge-woth of boi^ trabeculae m the 
urtcraticea of which b yellow marrow mixed with ro ar ro w of a different 
type, red m ar irwr T^ term caDccHoos bone n gi r e n to thia open 
trabecular m>e of boiw tiaaae (Fig 41) There a ercry gradation between 
widely metbed cancellotia bone a^ compact bone and even the latter ia 
really porooa b ha minute atructure. The cancdloua dame at the extremity 
of a long booe b corered on the aurftce by a relatively thb aheH of com- 
pact bone, and where tha take* part b the fonnation of a movable lobt 
jtfa "gin overfaid with amcolar cartilage. Aa we ahall ace, the bony 
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trtbccuUe, vrhicli compose cancellous bssue arc not disposed in a 
haiard manner their arrangement is detennmed by mcchanirfll and giuvtlh 
factors. e , u 

Tjp to 6o per cent of the weight of compact bone is formed by in 
organic matcnal which consists niinly of calciura phosphate.’ This salt is 
deposited m and impregnates a fibrillaiy bans of collagenous tissue and 
the fibrous diaractcr of bone can be readily appreciated by scraping the 
surface of a decalofiwl bone. Itiscwingtoitsfibrousbasisthatacomplctdy 
decalcified bone retains its shape and even its general histolopcal appear 
The cakafied matrix forms the interstit^ substance of bone. This 
substance u arranged in thm lameUae^ is perforated by fine c a n a l s con 
timing blood vessels and nervea, and is also nchljr permeated with bone 
cells, or osUtxyUs The lability of bone durmg life, even m the mature 
individual is emphasixed by the observation that, if salts of radio-active 
calcium, of phosphates containing rsdio-active phosphorus, tre adminis 
tcred, the radio-active element can be detected in the bones usually vnthm 
a few hours By this method also it has been found that-about 30 percent 
of the phosphorus deposited m the skeleton of an adult rat has removed 
agam m thw wedcs. Itappeara mdeed that there is a continuous physio- 
logical turnover of the inorganic contotuents of bony tissue they arc 
employed as a r es er ve to be drawn upon to meet metabolic requirements 
elsewhere ui the body snd are ss continuously replsced by the deposition 
of new matenaL In other words, the morgamc basu of a bone is completely 
renewed from dme to time during hfe. 

In Imc 39 IS shown a section of typical compact bone, taken transversely 
scroct tM shaft of a long bone. On the surface the lamellse are disposed 
in flat layers immediately beneath the penostcal tissoes. In the substance 
of the shaft they are arranged m concentric rings round the fine 
which penetrate the bone everywhere, usually m a longitudinal direction. 
These are the Havernen canals They are about in diameter on the 
average, and each contains a minute artery and vein, accompanied by fine 
nerve fibres snd loosely enmeshed m reticular tissue. The ranalm branch 
and anastomose with each other to some extent, and provide essentiil 
cbinnels for carrying blood into the bone substance. They open at the 
surface of the bone, and they also communicate with the marrow cavity 
(Hg 28) Each canal and hs series of encircling kmcllae comprise what u 
called an Harxman syrtcau In the angular spaces between adjacent con 
ctaitnc systems the lamellae are disp«ed more irregularly and here are 

termed OTfentituil tortellaf Between miniiff! rarities 

lacunae — from which extend on all sides fine branching an« 1 <nilL The 
latter connect up adjacent lacunae with each other perforating the bony 
lamellse at nght an^es. They ultimately lead mto commumcation with 
the central Haversun canaL There seems, however to be bttle or no 


, ,1p sddjdpp tti pho*ph«t, tb* (aortajuo imwtitl of borx* tlao cwtiin* mm 

«tPO^ umI naewsium atrbemte. « wefl ti tisew of cticfMn floondo end 
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tnwtoawsmg camusdca betweeo the ctmlicoli of one Htmc^An tyrtem 
tfld thoie of *n tdjiccnt *ytteta. 

Etch Itcuns a cc^pletdj occupied by oxteoorte. Tbeae bone ceils 
send off fine pfotj^lsBnic pfocetse* from tbcif cell bodr which pcaetntte 
tbrou^ the ctniltculi and effect direct costinnitf vrth uosilar processes of 
neiEghboiirmg etdi*. In other word^ to each Havtrsjan rpstem there Is a 
true cdJolar syncjfthttn,' Osteocytes are derived tmn btme fonaiag atUt 
(oweoblasti), tad probablj main the capacity to take on ostc»»Uitlc 



f». *9. 8«etim<rf*Aibbo(MOtn«fl f«aut) abowais tb* Marmkn (Titam. 
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functions if the need should «nse for bone repair It may be presumed 
abo, that they aubaerve die modified osteohlasoc ptocesset whkh must be 
iDTolred m the coatunioia pbymaic^ict} toroover of bony tasoc which 
pcnirs during Efc. Under iwrmal carcumstances tb<^ appear iustoJojdcally 
to be rrfatiTdT inert edis, recchong nutnent marterni Eresn the olood 
arcuiadng in ^ vessels of the HAveman ctoala by imbibiuoQ along 
cooumuncating system of canaUcoh. 

Aa with bony taane la general, Haversiaii aystemi art by no means 
Ironmtablfi strocturea once they been laid down. There is evidence 
that tbetr pattern and a nan ge ro enc can tbiA and change from time to time 
in tespotiic to phynologual irqtoremcnta. 

At ImO; tfah k «M« b). rouos frwiVTWwn booe, bat lbrr» k iqbm doubt wbttbw 

OM iiL ) ^ <rftbtceB iwvaa ww»mjW»totoattottM». 


a THE PERIOSTEUM 

Each bone u eniheathed by a rtlatndy tough membrane called the 

oencateuni. TUa coreia the bone ahaft everywhere up to the margm of 
irtrcular mrfaces, and while It U Bnnly adherent at the eatremitiee md^ 

at the idea of attachment of mnaclea, tendons, and ligaments, it can other 
wise be readily stripped oS In aliutture the periosteum consists mainW 
of white fihroul bsiue with a small element of elastic hbrea Beneath 
this layer is looser connective basue which a highly vascnlar and contains 





Fkl JO. f BUbpeweMi bone oi » drreliipiDS femur i FttffDoilaTtr 

of penoBteom cootkioBig fibrobhuOL s. Chtfo gaaorio Itfcr of perioBtram containiag 
oBtoobtola. 3 SobpBnOKtetl booe, otiMt Ijttt 4 . 5obp«noctt«l ioiwr Icrcr 

5 CmlUfB. (FromP D F blam/vKlJ ^Hoxier} 

cell* caipabk of becomu^ ictive wteobbaUs The deeper stntum of the 
penottmm may therefore be esUed the osfftgtTteUc At the flrticulir 

ends of lo^ bone* the fibrero* layer of the penoatewm become* coBtmoonj 
with the fibrou* caprule of the joiDta w tha t in this rray the penoeteal 
»htathi of adjacent bone* are indirectly ccmtiimou* vnth « nrh oujcr 
The function of the penostenra wtu at one time the ribject of consider 
able controTcrty Obviouaty tt prondt* a medhnia for the attaduncnt of 
mu»ck», tendon* and hgarnent*, and, in so far a* it contain* the blood 
Tc«el» whidi are concerned tnih the vasculaniation of bone, it ha* a 
nutnuve function The dispute to whicb reference ha* just been nude 
concerned rt* bcne»fomung pcopeitvei. 
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In the midcQe of the Itst century m Edinburgh mrg e tm , Jtmet Sjme, 
ctmed out expennvmtt which convinced him that ^ pcnoctetim hu 
otcogenetic fimcdont. If, for rnttence, t •egment of the ihtft of g long 
bone U excised by lubpaiostegl resection, kiTmg intect the penocteil 
■hrath, repair enauea and the two coda of the bone become umt^ If the 
periosteal cover i ng la alio removed, lu found that there was no regcnera 
tion. He also carried out the experiment of raising the penosteum and 
mierting between it and the bone shaft a ■heath of tmfoiL la this case, 
new bo^ was deposited on the aurfsipe of the tmfoQ beneath the perios- 
teum. Theie and other observatHms suggested that the perloetecm is 
esKntlsI for regeneration of bone. Some vcara later Sir William Macewen, 
a Glasgow surgeon, repeated sevenl of these e xpen men ts with contra 
di cto ry results He found, also that bone grafts, nennded of-tbor perios- 
teum, could survive and grow and that if a nng of silver wue is placed 
round a bone shaft stnpped of its penosteum, the wire becomes m tbo 
course of tlmg enclosed nr new bone formatiaiL Macewen cooHuded that 
the periosteum la not only not es se n t ia l for regeneration of bone, but it 
has DO osteogenetic capacity On the contrary he beUeved that h h a 
hrmting; metabrane, plsymg an Important part In confining the osteoblastic 
tissue tnttdi bone to its proper sphere. If the penostesl sheath of a bone 
II tom, osteoblasts may escape mto the suirouncHog tissue and form bony 
e xrjrffcxjyrs , Furthennore, nnioD of s fracture may be pic ven ied by a 
kyer of p en o steum becoming Inteiposed between the bro^ ends. 

The argument regarding the osteogenetic capacity of p or U-^wim wu 
really bsM on a va b tl quibble — the pre ebe defininoD of periosteum 
If the term Is confineri to the su perficial ^rous layer — Its most conspicuous 
comp on nit — it a a limiting membmie. If it inciades the deeper layer 
whu^ Is now known to contam ceOs capable of farming osteoblasti. It is 
sl*n osteogenetic. Both these p r o p erti es are imp o rt an t to rccogmxe for 
prsctictl purposes. Espeoslly Is tms the case with the Inniring funedon 
of the fibrous layer In order to cmphiiue this fonctian, it u useful to 
compare a bone to a very viscous fhild enclosed under pres sure in s mem- 
bianous tube. If the ktter is tom, the viscous fluid al^lr extrudes itself 
through the opening Slmllariy if the penostesl theam of a bone u 
krmrtM, osteoblasts from the deeper Isym of the penosteum and from 
the bone itself may escape with the formahim of oro s inscj — the bone gives 
an appearance of ‘flowing through the gap into the auiTouctding turoea. 
For tna reason, it u imp ort a nt in the oper ati v e treatment of £r«tures to 
nr^^ the penoBteal sheath intact if posaible, for if rxoit c iwj occur in 
the neighbourhood of Joanta, thCT m^ lesd to considerable diathilrty by 
itmtttrtg moremenL It will also be realned that m stripping off the peii- 
otteiim, the vascnlir snpply to the subjacent bone most neceasarily be 
mterfered with, and thia may lead to local necrosia. 

'Ihe conception of the pexiosteam aa a nmiting membrsne makea it easy 
to undentand how ridges and tuberdea may be produced on the surface 
of a bone by the attachment of muaclea and other structurea. A tendon, 
far mstance, at the point of ha attachment to the ppriaatcum, win tend by 
ita traction to puD up the membrane from the underiymg bone. The latter 
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Will then extend into thi* area with the fonnation of a raised eminence.* 
In this way the trtea of the attachmeot of individual muscles, tendons, 
hgaments and mtermuscular septa aw usually marked out clearly on the 
iurftce of a bone and can be delineated with little difficulty on dose 
inspection. "Where a muscle has a fleshy attachment over a wide area, ita 
traction is correspondingly diffused. In thw case its area of a tt ac hm ent is 
marked by a smooth sor&ce usually bounded by fimt ndges caused by 
the attadunent to die pCDOstcum of the inietmuscular fibrous septa 
between which the muscle lies. 

Grooves and dcpreasiooa on the surface of a bone may be produced by 
the pressure of adjacent structores such as nervta, vessels, g^ds, or the 
convolutions of the brain m the case of the skull bones. It may be supposed 
that local pressure on the vascular periosteum disturbs the blood supply 
to the underlying bone leading to a loss of vitality and subsequent absorp- 
tixm. It 18 evident, therefore, that hard bone can be quite extensively 
moulded m the smaller detaili of Its surface features by the soft taeuea 
with which It IS m contact. 

From the deep surface of the periosteum, fine, pomted bundles of fibres 
run straight Into the underlying bone at burly regular mtervals- These 
are the perforating fibru of Sharpey Innde the tone they are calcified 
and seem to have a supporung function by mrihog* together the superficial 
lamellae of the bone. Where a tendon u attached to a bone, the perforating 
fibres are massed together so that they form a direct continuation of the 
tendon mto the substance of the bone. Thus, although a tendon u pnma 
rfiy attached to the bone throng the medium of the penosteum it may 
simsequently assume the appearance of penetrating ^ bone substance 
directly 

According to some observations, in the adult there may be a gradual 
transition m structure at the inacrtion of a tendon. The latter as it ter 
minates, shows cartilage cells arranged m columns between the tendon 
fibres, forming a xooe of fibro-cartflage. This la followed by a lone of 
calcified cartih^ which, in turn, passes over mto a zone of true bone. 


3 OSSIFICATION 


The otiificatioa of bone is commonly described ai taking jila^.^ 
two methods, m membrane {intTemembranom omfkaUon) or in cartilage 
{^endochondral osstfiastion) The fundamental process, however la the same 
m other case. In endochondral ossification, the bone u preceded by a 
cartOagmons modd. There U no question hm of a direct tranafonrnifion 
ofcartiUgc mto bone for the former has first to be remored by a process of 
tmuc eronon before its place ts taken bv the deposition of true bone. In 

mtramemb ranous osnficanon, bone is laid down directly m connective hssu e. 


Tte • eotnpfatdy sdeqiata exphuictlao b ihown by ^ th*t 

jtWclKKM <if » tQ«7 K*netkiM m*A*d V a bony pte Of ikpf«riOQ rrther thfc 

thb b pote tttf ft b erUttt, ptt 
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The bones of the appendicuUr skektim (^th the exc^tkn of the 
ckncle) the trunk, too the base of the skull ore cvtiltn bones. Amoog 
the me^tue booa tre the bones of the skull vault (su those that Be in 
direct contact with the scalp) the bones of the fiice, tnd the ckrlde.' 
Some membrane bones may be dereloped artatad a cartiltginotts precursor 
without the odconence of endochondtsl ossificstton. 8ua are the man^ 
dible which apnesra as an osnhcatkm in the membranous sheath of the 
cartQageoftbenistviscenlardi(Med^scartilaM),aiultbeTomer whkh 
la a membrane booe formed oq the aorhme of the cartEsghwuj nasal 
s ep t um . In these casea, the cartOagmoot framework ia simply absorbed 
and dtsappeaii when ht place la takra by bone. 

The (hsdnctKm of cartiUge and membrane bones U sometimes ttsuhted 
to have a morphological bsj^ In the sense that a caitilaginoua skeletoo tr 
more prunlthre and that it p receded a bony skekton m phytogeny just ss it 
does in ontogeny Howerer the pakeontological evidence is igahnt such 
a suppositicm, nnce booy fishes am known tn have coated m palseoxolc 
tunes before the aprpearance of cartSsginoQs fishes of the shark tjpt. 
Cartilage ia to be regarded rather aa an embryonic adaptadon, and not as 
representing an aaoeatral ^eletal mstenal. On this loterprirtation, the 
skeleton of cartiUgiaous fishes represents a speasHsed retention in this 
groop of an embryonk phase of development and is not a pnmidve feature. 
In some primlthe flsb^ the bead and other parts of the body are pro- 
tected by a turfaee c or en ng of dcrmsl desudes. At the base of titese 
dentidea, In the vmdert^g dermis, bony plates am derdoped to form 
a superficial armour of amnal bmts The latter provide the bssts fca the 
evolutiotiary development of membrane bones m higher vdtebratea. From 
the morphological poent of view therefore, the membrane bones of the 
mammalian skeletoo, since they wem originally derived frean dermal 
plates, might well be regarded as elements of an aoaktletoc. 

The questkxi whether cartilage bones and membrane boots am really 
distinct morpbolc^tcal entities has been rtiseii fiom thne to time by emn- 
paradve anatomisti, and there is certainly some evidence that bomdogooa 
dements may oo rare occsstons, ahovr dificrent methods of ossificitiofi in 
d iff ere n t v at di t a te types. For erample, >t has been foand *>Mr the fallal 
vertebrae in some tdeosteao fishes may ossify duectly m membrane, 
ahbough vertebrae are typtcally caitiUge bones. In this case it must be 
assumed thst the usual process of chondnficatiQn has been suppressed for 
some ressoQ. Agam, membrane bones, as they tmk in fitxn the sor&ce 
dunng rrohrtjojiary derelopment, may come ifcondsrfly into rdation with 
uitdc^tng cartilagiocxis clementa. As an example of dds, it may be noted 
that compsratnre stndies In lower vertebrates suggest the denvation of t^ 
ethmoid (a cartilage bone) frtan the vupn>ethmoid fa membrane bone) 

The pi^lecn is further complicated by the fact tmC ttemdary eariuait 
may be laid down in tissuei where true membrane bones are undergoing 
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osuficatum. This ocean in the coronoid tnd condyloid portions of the 
mmdible, ind also ^ certain mammals) m the malar ana frtmtal bones. 
Secondary cartilage, borrever la to be distinguished from the pnmary 
cartilage of cartilage bones m its structure — the component cells arc larger 
add the mtercellular n t flU Li: is very spane. Probanly it la a secondary 
adaptation for resisting ftretses and straina to which the membrane bones 
may be sul^ccted m their early developmenL* 

Althou^ the atme fundamental processes are involved m mtramem- 
branons and endochondral ossificatioa, in certain pathological conditions 
these two types of bone fotmaaon may be independently disturbed. In 
achondroplasia, the growth of cartOage bones is everywhere retarded, 
leading to deformities of the limbs and the base of the iknlL* In a rare 
disease called cleido-cramal dysostosis, on the other hand, the ossification 
of membrane bones is affected- The pathological bMis of these conditions 
18 not known. 

Intramembranoua osslffcathm Omfication m membrane be 
convemently described m a simple skull bone such as the panetal Here 
there is usually a double centre of ossification which appears m the region 
co rr e sp onding to the middle of the bone at the eighth week of mtia 
uterme life in the human embryo and from it the process spreads pen 
pheraUy Prior to this tune, the panetal area of the akuD. la formed by a thin 
membrane of embryomc connective tissue. 

The onset of otsifiotiftn a preceded by an increased yascularrty of the 
tissae. Collagenous fibres (the socalled cateogtnujihra) are collected mto 
bundles m a gelatinous ground sobstance m which are also cocagregated 
numerous branching cel^ The latter an ostcoblastj and through their 
fine processes they effect direct protoplasmic continuity with each other 
Cakium salts are then deponted in the mterstitial substance tnd on the 
osteogenic fibres, apparently through the agency of the osteoblasts (vtde 
tjrfra) Many of the latter ma^ become impnsoned m the oeseous matm to 
form ostcocytea, their brandling processes occupying canaheuh The bone 
it laid down at first as fine tpicuTes which mterlsce to form a spongy texture, 
tnd at the mirgm of the expanding centre of osnficstJon they raemte out m 
a characteristic wav Later cm with mcreasmg growth, the bone becomes 
thicker and more ilense, and rt extends superficially until it meets with the 
margma of the adjacent bones of the skull along a sutunl hne. 

Endochondral OMlflcaUon This process will be described by 

reference to a comparatively simple long bone, such as the tibia. Tbeshait 

of this bone is ossified from one primary centre Before the dghth week 
of foetal life, the ubn u compost entirely of hyahne cartilsgc, and it la 
endosed m a membranous sheath which at tha sta« is called the pen 
chondnum. The site of commenong ossification a indicated by changes 
m the cartilsBc cells. In the middle of the shaft, these become large and 
vacuolated, and they tend to arrange themiclves in rows which radiate up 
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and down the th»ft from the centre. Comadcntdiy ccJcfmn taltM are 
depocted In an amorphoos form in the cartOtguious mxtnx. This proceas 
of calcifiation apparently leads to the cutting off of nutrient supply to 
zoany of the enclosed carulage cells, and the latter undergo rapid de g p ^a - 
don and die. The enlarged and empty spaces which they occa^:^ are 
called the projwjy creo/os (Hg 31) 





Fra. 3 Hm iahkl lOfe ki tb« oadficatton ot lone boM, m ma ki tba mctatcml of 
foealkhtai. Al tbli azxfB, deposliioo of aceaci boa* bo* aot yet cooxaeaecd. Ea2*tt^ 
cvtilac* calk ara wan la tha term of caicUkd csnlkte Cf*i^ corl), at>d «n cHhar td 
tb« to lw tba m bccocoiof >nanj » d to cfaa j i aWJ atio cohirana Uvt. Mf-X Tbo 
cartiliH^ooaa raatnnaal b cndoa«3 fai abt«di<i/p«tfcfao«>&twaOg>»tttthkc nronw io» 
capauk (oa^ ) of Tba ttai ^ki p ta a Tim eanihf* at tba astmnidca of tba 
gftitf m lkttfcirnoptbaappa ararif qfamaihfa Hfti ^ fart.cort.1 Mafrrtftratiop X53. 

Meanwhile the pcnchondnum at the middle of the shaft becomea tedve, 
and true booe it Uh 3 down as a thin shell on the surfice by the piocew of 
intramcinfarBiioiis oasificsbon. Th» is the mbo cti os t eil b^e ot the shaft 
(foe the penchoodrrum mitst now be called peaioateum). Prom the deeper 
osteogeri^c of the penosteum, wa active ingrowth, richh soppUed 
with blo^ Towds, rmsbea Its yny Into the centre of the shaft, eroding 
the calafied cartikgmoc* matrei to do ao. The centre of the shaft thus 
becomea tascolsnsed. The Irroptioft of subperiosteal titsoe camea In 
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ccUj -srtucli play a fundamenlal part m the comtrucnoii of bone. Theac 

cellaaieoftwotype8,o«l«>Hai(iandoit«>claiO(teeFig 34) fonntt 

are concerned with the depoatoon of the calcareona btau of bone, and 
are rounded or oval celli mth a large nuclcua irfaich itaina rather deeply 

S can be seen atran^ m rowa on the aor&ce of bone which la being 
r deposited, wbilcUiey are not apparent m tegiona where there la no 



Fro ^ Otufiankm m of foetal klttan. At diit aobperWteal boot (•bpX 

ho thetdr been ItU denrn br the oateogtottk taycr of petlottBum (« ) The tun 
of tbt pbtWt hn been hirtifed br Icruptkio of otteofenabo (p trr ) irbidi t« 
led ts tacratloaof tbec>ldfiedartiUc««nd tbtprod\KtuoQfMCDDdtrTef«olM(Me or). 

'Hm perichooclnum ha now becow the petutrom (^<r ). Mi(nlnc*daQ X 55 

tetrre otteogenetn or where bone u being ibiorbed, OtteobUit* appear 
to be derived in large part from undifferentiated connecbre-tmoc cella, 
and probably aUo from iome of the furroonding cartaige ri»ll«- 

O^eockats are very large roultmuclcatcd celli of irregular ihape. 
Hrttological ftudy of ttamed lectiora auggeiti very ttrongly that they arc 
concerned with the abiorption of bone. \VhereTcr local ainorptioo li taking 
place theac cdU arc charactenitlcally lecn directly applied to the bony 
tiiiuc, tending out bhmt pointed procewea winch appear to be eroding li. 
They are comroooly thought to be denrtd from the wane conncctive-tiiatie 
ccUi which give me to oiteoblaiti, though it I* not known what factori 
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detennme tbe dMcrcctiitiOQ of rich functionally contmted types of cells 
from a common parent cell type. 

Tbe inradon by vaacnlar octeoKenetic tissue a accompanied by the 
absorption m this area of tbe caki&ed cartilage. In this tray large spaces 
are opened up in tbe centre of tbe ahaft (uamdary artolai) On the walls 
of tbeao spaces osteoblasts can be seen In large numbers, in Intimate 
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relation to tbe depocmon of bone on the surftce of the cartilage, and tbey 
may be SO closcIy packed In regular rows as to timalste an epithelmm. 
It will now be apparent that tbe citnftrd cartllige is a tanporaiy scaffold 
ing which is l auo V ed bit by bit ss it b replaced by true boi^ 

In the process of ossifi^oo tbe bony architecture requires contimial 
rearrangoDent in adsptaboo to tbe incresamg aixe of tbe bone. For In* 
ytmnnf., thc intcnoT of tbe shaft of a Jong bone conststi at first of a closely 
meabed core of osseous trabeculae. L a t e r on this sponge-woric is remored 
in the formation of tbe marrow cavity It Is therefore dear that bone 
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dcpomtion mutt proceed m harmonious sssocubon wrthk coimnutl process 
of bone absorption. The latter is s^jparesitiy earned out by osteocia^ 
These cells q lv> play a part m removing the calcified csrtflige In the ciriy 
stages of osslficatioa,* The osseous tissue first laid down is lamellar m 
ftnjctuTtt, but without ahowing the regulanty of lamellae characteristic 
of compact bone m the adult The Havcnian system of lamellae la not 
distinctly evident till after birth. 

True endochondral oasificatioa m the centre of the shaft proceeds port 
pavu with the deposition of subpenostcal bone on the surface. These 
two processes extend up and down the shaft till the latter is completely 
o ntfi^d. The extremities of most long bones remain cartilagmous until 
after birth, when aecondory ce n tres of ossification appear in them to form 
the eptphyta In the rmsU bones of the carpus and tarsus, subperiosteal 
bone IS not laid down— or only in a negligible smount. They are ossified 
practically entirely from the endochondral centres. 


4 THE ROLE OF THE OSTEOBLAST AND OSTEOCLAST 


In the preceding account, the deicnptum of the process of ossificition 
baa been reduced to its timplett terms We may now consider some of 
the details of tba process 

It has been mentioned that the osteoblast is t bone forming celL This 
interpretation of its function rests primarily cm the diitct histolcmcal 
observation that osteoblasts are found m lar^ numbers at the site of the 
deposition of new bone. Sudi an association, however is dearly not a 
final proof of the bone-formmg properties of these ccUa, Indeed, it is held 
by somft that osteoblasts are merely hypertrophied fibroblasts imdergoing 
degeneration and destruction aa the result of the prcapitation m the 
surrounding matm of calaum saltaA On this view the deposition of 
calaum salts is a biochemical phenomenon not directly determmed by any 
local cdlular dements but controlled by extrumc c}n»miral factors related 
to the general metabolism, of the bo«^ and local variations vn the blood 
supply Tissue-culture erpenmenta with ezqjlanled osteogcnetic tissues, 
ho we rex' have thrown very conudcrtble doubt on thi^ conception. 

Fcni has shown that bone is developed tn vitro from fragments of pen 
ostcum taken from chick embryos, while other tissue* show no tendency 
to ossification. In other words the capacity to form bone depends on the 
intrinsic properties of pcnostcal tissue ond not on clM>mirnl vanations in the 
tissue fluids with which it is m contset m the hnog body Furthermore, 
the same mTcsQ^tor found that the pcnostcal tissue of sa-day duti 
embr^ which forma bone m a culture medium contains recogmitble 
osteoblasts. On the other hand, periosteal tiwuc from late embryos and 
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ytjuftg chide* wtft found only rarely to form boat, but thU •cem* to be 
to the fict that the oenottMUfl m thcae coe* » rather a tough tnettibetea 
%vhich t» itot »o rtaoily ftnpped from the UQdaiyzng bcaic, *nd ibe mtui- 
pulition neceaaarr to remote it prohabiy mjurc* the deheiue OftcogecetJc 
Uycf and interfere* vndi activity of the oateobltsu. It vnw obierredv 
bmicrtr that undamaged o*teobla»« from the Haveraun canal* readily 
produce bone in oitro The important cooduaion from thi* eapeniaental 
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itudy n that whercM penoateal yifcroWfirtf arc tpparentU incapahfe of 
orteogeneui undT the condiUim* of the o»sue-cuhurc teciuucjue, un- 
damaged asieobldsit form bone conaistently Tbnc otnemhoni atrocigiy 
lupport the inference of the <M r hiatologuta that otteoblatta are directiy 
a?At.en>ed 'Aith the depogition of bone ard thi* interpretation may be now 
accepted aa prubabK quite correct It maj be obaer cd that m any case 
the regular epitheliotd arrangement Mhich » assumed by oateobUtU at the 
utt of bone deposition i* hardK conaotunt with the auqgotim that they 
a c mereiv degenerating ftbrobU»l» 

The ortgir tf oaieoblastjc cell* reniiUna in doubt. 1 here » evidence 
that thev can be didcrentiated from rortench mal cell* ' That the latter 
proem ma\ occur in po*t natal Ute a md cated b> the occaajonal appear 
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tnce of true o*»ific»tion m tifsae* quite onrclated to bone, c.g m the 
fibrom tiuuc of old tcan m mu#dc», or in the mil* of artcn« Such 
hcterotopic o»»ific»tion i*, of courv^ m pithological phcnorntnca. It has 
been suggested that, m tasoasUon mth the reparative processes folkrtmg 
on local injuries or mfecUons, the conncctivc'tltsue clemcntB in any part 
of the body can assume general developmental potentialitie* sfan^ to 
those of embryonic tissue. Under these oonditicms, oftcoblaata may be 
diSercotiated locally and may even become active m bone deposition- In 
any hovrever the nature of the nnmedute itunaloa tvhich leads to 
the differentiation of osteoblasts remains obscure. In this connexion we 
may refer to the remarkable obsemtion that epithehum of the urmaiy 
tract, if transplanted into a sheet of fesoa m any part of the body becomca 
surrounded by bony tissue,* It u bcheved that this epithelium has the 
specific property oi mducmg ossification by causing neighbouring con 
nective-tissue cells to change into active osteoblasts. If this is so rt re 
mams difficult to understand trhy unnary trad epithelium should possess 
this cunous pToperty In the case of oMification in tendons and muscle 
(ifiyoniu otszjicaTu) the process may be partly due to the laceration of the 
penofteum tt the site of the muscle sttschment as the result of trauma, 
tesdmg to tbe Ubmtion of ffubpcnostcal osteoblasts into the musdc tissue. 

Ex^^nments cs atn indicate that there is no fundnoental difference 
between young cartilage cells fcbondroblsstsl and osteoblasts. The one 
may become transformed mto w other m emer direction. It is possible^ 
indeed, that in the process of endodumdral ossification, many cartilage 
cells do not die but become active osteoblasts.* The eapemnenta of Selye 
(see p 79) suggest thit osteobissts can become conrerted mto chondto- 
blasts m the regeneration of the epiphysial cartilage sfter amputation of tbe 
growing end of s long bone. According to Stump also the appearance 
of the osteoblast in a developing long bone occurs round the lono of 
cartikgc a ctiv i ty which prtetdet the irruption of lubpcnostcal bseues mto 
theih^ 


The question now anses, how does the osteoblait form bone ? It has 
been suggested dial tids is the dked result of a sccrctoTy activity on the 
put of the cell body and its proceseea. It was shown by Rob 4 on and 
Fell,* however that in dcvelopmg cartila^bones osteoblasts (or their 
precursors, the enlarged cartiU^ cells) daborato an cniyme which is 
called ions photphetau This ossification entyme has the power of Itydrcn 
lyting a soluble caldum pbosnhonc estert which a cixcolating in the blood 
stream, with the consequent fonnstion of a free salt in the form of calaum 
phosphate. The latter a then pteaptated locally It has been demon 
strated in tistue-culture expeninents that there a a coirdation between 
the quantitative production of phosphatase and degree of bone formation. 
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In other word*, the enzyme i» ectuaiHy *yDtbe»£ted by ozteogexietic tmue. 
It u mtcreitmg to note, *1*0 tbftttbcicUonof^hotphktMettftCcdermtedby 
migocsium which, as ilready noted, u • cofurtituent of bone in the form of 
a carbonate It 19 generally agreed now that the phoapbztaae roechardatn 
poatulatcd by Rc^iiaon doe* not by any mean* provide a complete explana- 
tion of the immedute procea* of otteogcnesia. There u probably a local 
factor *uch a* an mcreaae m pH in the region of bone depocUitm, and some 
other enryraatic mcchanitm may al*o be involved m the procet*. 

Theroleoftheoateoclast fhcBuppoaiuontlurtoiteoclastaarcdirectly 
concerned with the absorption of bone been called into queatioa. They 

are regarded by some authonties aa degenerative products — the reault of 
incomplete cell division by mitoti* or amitosts, of worn-out osteoblaita. 
According to Arev for example oateoclasu can frequently be observed 
in broad protoplatmic coniinuitv with undoubted oatcoblaats. Their 
presence m area* of iocahied bone absorption, however u so conautent, 
and the hutological picture they present t* to penuativc that there can be 
little doubt of their pirhapation in the removal of bone (possibly by the 
secretion of an osteolvtic enrvmc or perhaps by effecting a local change 
in the resai n of the injue fluid) and m the remodelling procet* which u 
fundamenul to the development of a bone Section* of certain growing 
bone* are specuUy conuncing m thi* respect For example the panetal 
bone of the ahull m late foetil hfe etpands mainly bv the conunuil dcpoai 
tion of bone on its outer surface and a cotTcspondjng absorption from it* 
inner surface and dunng ihi* time the former ii seen to be in contact with 
rows of OBteoblajts while the latter give* the appearance of being eroded 
bv numerous mulunucleated osteoclasts Again ;n a developing long botie 
such ss the femur osteociaits are present in great number* on the mude of 
the tubular »Kaft where erosion i» tidimg place with the pro^rcssTfe cn 
largement of the marrow cavitv while on the outside the> may be found in 
the regions ot the extremities whi h are inv bed in the remodelling pro- 
cess {,>-ec p So), 'oectjons thr ugh the growing mandible proxidc further 
evidence f the ictmtv ot ostcxlaat* lir they are here seen lining the 
walls of the de eloping tooth sockeu apparenth excavating the latter m 
preparation for the reception of the tooth germs ax they sink d wn from the 
surface of the gum* I hat oxteoclast* are tiaeniullv dccalafving agent* i» 
suggested bv Dodd s observation on the rem vai of cartilage m endochon 
drsl otiihcation h ha* slrcsdv been noted that in this type of ossification 
the cartilage undergoes cslc hcation This process howevc i* not complete, 
for portion, f the ongmal cartilag nous nutnv unde g absorption without 
prchmirurv cal hcati n Dodds found that v\h le the uncaiahed matrix 
i* absorlx-d w th ut the intervention of ost cx-iaxtx these cells arc ahvax* 
abundant n eg n whe c the col ihi.il irutnx being removed Ai! this 
i.viden e tor the d ->.al living p openv of oxtc>.U u i admiti dly nd reel 
Afore direv-t cv Jente h «mer is aiaiLible 1 m the ol>*rrvat on* of 
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Kilby Srmth on a tmtU piece of bone embedded m a transparent chamber 
m a rabbit’s car > He kept tins fragment under ob«ivation for many 
weeki and waichtd the process of absorption taking place, apparent^ by 
the agency of large granular cdla similar to the osteoclasts seen m fixed 
preparations In one instance these ccDs were found to be present before 
the actual process of absorption begin. Moreover growth and abaor^on 
^Tcre trer to occur sunullineoualy m different parts of the same bone 
fragment 'without any noticeable change m the local circulation or difference 
in vascular pattern. 

Lcntiie and PoUcard suggest that otteodasts are true phagocytea. They 
daim to have observed fine^nc cpiculea in their cytoplasm m pathological 
foa of bone absorption, aa well as tbe ingestion of dead bone corpuadca, 
but tbla IS not m aaord 'mth the generally accepted view that the absorptive 
process la rather one of dissolution of tli bony aubstance, and not of frag 
accompanied by the phigocytosia of discrete particles * There 
authora also believe that osteolyna can o ce nr without the presence of 
osteoclasta, the result of phyaico-chemical changes in the tissue fluids. 
This factor may explam the diffuse bone resorption which occurs on a 
large scale m certain pathological conditions. It can hardly be the baait 
of very locahxed dianges, u mr instance when, m a amsll spicule of bone 
only a few tnicromtllanetres m thidmesa, bone deposition is found to be 
occurring on one aide and bone absorpuon cm the other 
Available evidence ahowi thcat osteoclasta are probably produced by the 
fusion of a number of individual ceOa (and not by the aborted dmaiona of 
one cdl) 'They are believed to be derived from osteoblasts or from the 
same undifferentiated mesenchyme cells which also produce oeteoblaats. 
When that work la completed, they athcr re v ert to ostcobliata or to the 
reticular ccHa of bone marrow or they undergo degeneration and die. 


B THE GROWTH OF BONE 


The mode of growth of a long bone is a somewhat complicated process 
At birth, a bone such as the tibia has an osseous shaft (derived from the 
prunary centre of ossificatioti) with an incipient medullary cavity Its ex 
tremities are still cartilaginous. Growth m thickness occurs is the result of 
the cootmuCHis depotitioa of Isyera of subperiosteal bone on the surface of 
the shaft Comadentally the marrow cavity beoorncs enlarged as the bone 
grows m sue owing to the contmuousabsoxptionofthe medullary wall of the 
shaft by the actinty of osteoclasta. In the adult bone therefore, the main 
port of the shaft must have been derived entirely from tbe mtraincmbrijious 
ossification of subpcno«eal bone, the site of the ongmal bony shaft 
(ossi fied m cartiltge) having been now replaced by tbe marrow cavity 
Growth in Icn^ of a typical long bone u the result of the gradual 
exteiwon of endochondral oiwficatioti into the carulsgmous extremiues 
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In other wurdi, the ecijme u actuallj tynthesixed by oe le ogenetic tiecue. 
It u int era tiM to note, aho, that the acooo of pboephitne la accelerated by 
magneahim ^mcfa, u already noted, b a con a t lmen t of booe in the form oif 
a caibontte. It u geaerally ag r ee d now that the phoaphataae mechanbm 
postnlated by Robii^ does not by any proride a complete explant 
don of the immediate p r o cea a of osteogeaesu. There b probably a local 
factor anch at ah increase in pH m the region of bone depc^on, and some 
other enzymatic mechamam may abo be mTohed m the process. 

Theroleoftheoateoclast TlweQppositiaQ that osteoclasts are dnectly 
concerned with the absorptioo of bottepja been called into qaestrao. They 
are regarded by some amhontiea as deg en e r a tire prodocta-— the result of 
incomplete cell dmsion, by mhosu or amitosa, of wom^nt osteoblasts. 
Accor^g to Arey < for example, osteoclasta can frequently be obserred 
m broad protoplasmic continuity with undoubted ostecbbata, Thdr 
presence In aresi of localized bone absorptioo, bowerer is so consistent, 
and the hatcdogLcal pictore they present b so pemiatiTe, that there can be 
little doubt of their pardopation In the removal of bone (possibly by the 
•eoredon of an osteolytic enzyme, or perhaps by effecting a locai change 
m the reaction of the;.tbsue flmd) and m the remodelling pr oc ess which a 
fundamental to the derclopment of a bone. Secdona of cerbin growing 
bones are tpccudly cannnang m tbb respecL For example, the parietal 
bone of the skull m bte foetal life expands mainly by the continual depon 
bon of bone oa its ocrter luiftce and a corrcspondmg absorption from its 
tniw surface, and doruu thu cme the former b seen to be in contact with 
rows of osteobbsta, whOis the latter grves the appearance of bdng eroded 
by rmmeroos moltmudeated osteocinta. Again, in a derel^ping long bone 
such as the f e mur osteoclasta sre pr esen t in great numbers on the mside of 
the tabular shaft where eroakm is taking place with the prog r e ssi ve en 
krgement of the marrow cavity winlo on the outiide they may be found m 
the regions of the winch are mvolved m remodellmg pro- 

cess {see p 80). Secdocis through the growing mandible pnivide further 
evidence of the a cti vity of osteodaata, for they arc here seen Immg the 
walk of the devdopmg tooth sockets, apparently ex cs T sti ng the ktto in 
preparation for the recmrtioc of the tooth gams as they smk down fitan the 
nrxtcc of the gums. That osteocbsta arc essential^ decalofymg agenta b 
gnggested by Dodd s o b s er v ati on on the ranoval of cartilage m enifccfaon 
dial otti&xdofL* Itba*lre*dfbeenBotSiith2Zi:ithiitfpe<ffotc&xtica 
the cartibge undagoes caloficatian. Thb process berwrrer boot complete, 
for portioiis of the originil caitDaginous malni undergo absorption without 
prcfmnn^ caloficatron. Dodds found that while the micalrafied matrix 
u absorbed without the Intervention of osteodaxts, these celb are always 
abundant m regions where the caldfied matrix a bang rerooved. AH tlm 
evidence for the deealofjring p roper ty of osteoclasts a admittedly mdirect 
More direct evidence, hoov er b available from the observations of 
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daphym Boon mvolTca the whole thidtnees of the cirtilage Ictding to it* 
obbtcration. In other wordi, the cpiphym becomes fused with the du 
phytis *nd no further growth m leng^ of the bone take* place. 

Some mterestmg cxpenmenti by Scl3^* have shown that, m the early 
stage* of development, growth in length of a bone i* not n ece s s a r ily 
dependent on the mtegnty of the cpiphyii*! cartilage which has already 
been differentiated. In rats 12-15 day* old, the leg was amputated above 
the level of the cpiphynal cartila« at the lower end of the femur The 
stump of the femur became rapimy dosed up by a mas* of proliferating 
ostewlsst* which w e r e transfonned into chondroblast* The latter pro* 
duced islets of cartilage and, m a few days, the end of the bone was 
closed by an even layer of cartilage showing t c el lula r arrangement typical 
of epiphysial cartilage. In other words me epiphyual cartilage was re 
generated and growth in length of the femur proceeded normally No 
regeneration owurred if the operation was performed on rata over five 
months old. It is interesting to note that if the femur xa sectioned obliquely 
the cut end becomes stnu^tened op again before the l^er of epiphysial 
cartilage IS re formed. In mia way the original aua of grow^ is maintamed, 
Simflar expenmenta have been more recently earned oat by Nunnemacher* 
with corretpooding results but he attributes the rtgeneration of the epi 
phytial plate to cartfia^ ceQa in the dtaphyaial e a timn ons of the epipbyaial 
cartilage not completely removed by amputa tion . 

The line of fusion b^een an epipbyais and di^hyns is usoally qmte 
evident m the mature bone It is marked on the surnce by a alight ^pmg 
up of bone mto a low ndge, while dtie caocellous tissue mside the bone 
shows a line of condensation of trabeculae m the same position. This Ime 
of condensation, which is sometimes termed an epiphysial scar* a shown 
in Fig 41 

The part of the dapbytia whtdi is unmedialelY acyacent to the cpiphyni 
IS sometimea ailed the metaf^tyns This term b convenient for dmeren 
tilting the region of the shaft where growth m length u actually 
place, ft £a particulariy well supplied with blood, and it la the site of 
atta chmen t of roost of the muscle* and hgaments rested to the adjacent 
joint It IS also roetabolicany more active thtt other parti of the bone since 
(ts far as long bones arc concerned) the calcium itorige function of the 
skeleton is mamly subserred by the cancelloui tissue tn the metaphyus. It 
u for this retson^possibly that it is particularly prone to certam patholo- 
gical affections, The vasculanrition of die mctaphysis undoubted^ has an 
ffnportant relation to the proliferative activity of the epiphytal cartilage 
dunng growth, and experimental evidence has shown tha t istiirbance of 
the me^hysal orculstion may lead to the arrest of normal epiphysial 
growth-* r r j 

Although m the large limb bone* epiphyv* are formed at both extrenu 
ties, growth takes place mamly at one end the so-called grotEotg end of 


yJL contronin, th. erowth In oT U* U*, bc«. 




Fu. 1$. o( p y pct «nd of (fao Anmir ef a nt afad four weak* akowbf tl>e 

]q tb* cpipbram of tba head and (taat tzochantac of tb* bouuand dia aena of 
wpffT^tffg tb«m froca tfaa cKapfartia. (From R. W HattMa^ 


ihin fty?wr ^ng fif*rticutghv*Itaec»ni^ fa a nucertted msnurtuic boaic, 
tJve cptpbj^ can be retdl^ detad te d from the diapliyia. Tbear cpBoeed 
fur&K** are then aeeo to bo irregulariy nodukr the irregakrfttca inter 
locking with eaii other SiKh an atrangcnicit gim mccfitmcal atrcogdi 
to the e^imwi-diMbTaial Junction. 

■ The ei^nyaitl pkte* of cartflage art of extreme importance for the 
growth m k^th of tong boat* nnta matnri^ !a reached. Tin* 
BTowth i» roahitaitted by the extenaioa of oan fic ari on inam the dkpbyaia 
the diaphyaial aarface of the edphynal cardiage, while the epphyml 
tojr^ cartaage coatinaoa^ proliferate* at a cor rc ap oodmg rate, 
lathi* war the erdphywal cartilage k retained, and coechm^ 
the boor cfdphy^ from the diaphyaS*. Thia pioce** goe» on ontn the 
boce h» i«ict*d Ita mannal le^th* when tic proliferation of the epi 
phyaul caitiitge cea»ea. A* a rcauft, the extenakm of ooificatjon from 
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irrcgulir The extramtie* of the bone# u a result become thickened and 
ungainly in appearance. condition la evidently doe to a disturbance 
ofthc activity of the oatcodasts, and it may be associated ivith exube rant 
ootgrowtha of bone near the jomt-*urfacca forming multiple eiostoset. 
Evidence has been brought forward suggesting that the remodelling pro- 

ce»s depends upon a •epaiate genetic fiwaor for Grilneberg* has deaenbed 

a very cunous mutation m which u chanctented by the absence of 
tBu rernoddhng factor m the growth of bone. It affects not only the limb-- 
bonci but also the lawa, to difficulties in tooth eruption. 

It should be emphaiacd remodelling not only occurs on the surfoce 
of bones during gro wth, but also m the cancelloua tissue innde. I n d eed, 
the pattern ofme bonv trabeculae of cancellous tissue is continually bong 
rearranged. Some of the tkuU bones become excavated during growth by 
air amuses winch arc in open communication with the nasal cavities or the 
nasopharynx. Such excavations are also brou^ about by osteocla sti c 
ictmty with the subsequent ingrowth of an epithelial lining 


6 EPIPHYSES 

BonyepiphyscaarcfonDedfromsecondaryccntrtsofoBSificaticffi- Those 
wiu^ occur at the articular actrexmtiea of long bones are sometimes termed 
prtauTt e p tph ym They are presumsbty developed to protect the delicate 
and highly important eptphvaial cardfain from the atreaaes and strains 
which are associated with the free mobility of ;omta. Growth a thus 
allowed to continue, unimpeded by the emtasmg of the hmht. Epiphytes 
may also play a part m faalttating the modellmg by osteoclastic ac^n of 
the articular ends of the bones. Hence, m lower vertebrates m which bony 
epiphyses are not developed, the extremities of the long bones arc bulky and 
cumbrous m appearance as compared with the more delicately curved 
bones of higher fonns. 

Epiphyses are in some cases formed at the site of attachment of tcndoiu 
and ligaments, usually at the ends of the long bones. For example, the 
trochanters of the fanur the tubcroaitict of the humerus, and the tip of 
the olecranon process of the ulna are ossified from secondary centres. 
They have bem termed traeixon tpupkym on the assumption that thar 
dcT^pment ts in some way conditioned by the traction of the attached 
structurts. It u possible, of course, thst the midal appearance of these 
bony elements m evolutionary history nuw have been determined by or 
associated with such mechanical forces If this is the case, bowever they 
to have acquired a mornhologicil individuihty mdcfHEndent of these 
extrinsic fectois. Appleton* has shown expenmentally tint if the gluteal 
rausdet of a young rabbit are completely removed, the secondary ratre 
for the great trochanter of the femur (into which they arc inserted) appean 
at the usual time, and ossification proceeds m quite a normal manner 

^ colour imitatioo in the bew mom* Pnc. Jtty 

*fnfhiaxe of m«UnIal f^ton on cptphjmiil owfiatioo J«r*. 
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thebooe. Intbecueoftheupperlmib this u at the end &rtlier svty £roca 
the elbow and In the lower limb nearer the knee. For Inttance, the 
hnmerus grows m length mamly from its head end, and the fe mur from 
Its cDodjUr end. Until matuntj u reached, the epiphysial cartilages at 
the growing ends of the bones are 


FemuK, 


the seat of great prohferative activity 
Injury or disease affecting them may 
eeriooily disturb tins activTty lesding 
to irrcgiilar growth ind subsequent 
deformity or even to the complete 
cessation of g r o w th . As the result 
of acadents, the epiphysu be 
dislocated horn the e^ of the shift 
at the level of the eplpfaytiil cartilsge 
(seuntion of the epiph^). 

The growth cf a boM inrolres not 
only a condnuons ac creti on on the 
atufsce and at the extr e m ioea, but 
also a continucNis process of re 
modelling whereby the efaarseter 
isdc sha^ of the bone la retained 
This pbenamenen can best be lll£ts> 
tratsd by a dugram eherwing the 
auperimpoaitioo of ootHnea the 
lower end of the femnr at different 
phases of growth (Fig ^6) It is 
dear from this dngram mat as the 
abaft grows in leaigth at the epi- 
phyilsJ phle, bone must at the same 
thne be removed from the surface 
of the metaphyiis by an absorption 
mechanism m order to pr es er ve the 
c on tour of'tbe shaft In this region. 
'Ilib phenonmon of remodelling is 
parti^ilariy wcH demonstrate d In 
such bones ss the mandible by the 
DSC of madder staining (aJt a^Oj 
p 85). Itla the result (^^absorp- 
tire ac tr r i ty of osteoclasti woridng 
in complete harmony with the bone- 
foaningsctiTftyofoateobltfts. The two procewa, however appeartohave 
an independent basis, for under certs hi drcmnstsoces thc^ nm became 
cE^ocjsted. One process can occur without the other Tha is found m a 
pathologial affection of bone growth described by Keith* under the name 
<£ diapttynal eddos m which the long bones grow in loreth at thenonnal 
rate, out the ronodelling process at the mctsphyih tt mterrupted or 
p.T^u. OQ tlM saalnci^cat wfakli wnnpanv cuuk i btowi Ii 

bixma bodf Jmn Amtn. 5* 
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Fto. t6. Dkcram to Bioitnte the r*- 
nwwlAwf pf o ce w vfakb ecom at the 
lawt en3 cJ the feanr aod the end 
of tb* ttUa dnrinf growth. The axteot of 
boor timM which k iw»i Tad batwwn tha 

6tfa and ac<h yaar tn oeder to pr aa cf TO the 

rfi^i^rWrie grtgcref ewefabooak fa>dU 
(Frooi A. Keith.) 
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A third type of cpiphytk has beeo termed g/flwrtfc, for the rc*son th*t 
fuch itructules r epto ea t ekeletil dementi which hire undergooe retro- 
greaaon md hare Decome lecondarily hued with booe* m the tiei^^^hbour 
hood. An cample of this is fbond in the lubconcold centre of the tcapak. 
Thu centre repraenti the coracoid bone which in lower Tcrtehiates (Hich 
ti the Rep tiTtt ) b a rektcTclj and independent skeletal ekm^ of 
the pectoral girdle. With the tiansfarmalion of the mechanism and 
moftcolatore of the ahcpolder region which took place in the trantition from 
a reptilian to a mammalian ph^ of erohition, the concoid bone dwindled 
to an m significant epiphjiia which m the adult bccomea completely merged 
in the tc^mla. 

Ossification in a cartQiginoas epmfajma may commence In two w^rs — 
from the raacuhtr tisane m the cartiuge gin«\ or from an inration ox the 
cartilage by Taacolar tissoe from the penchondnmn on the surkce. The 
former u the osoal method in hiim^ derelopmeat, while the latter a 
charactenadc of small ammah m which no cartilage canals are present^ 

It may be noted that the calcification or osaifianoo of eptpbyaes does 
not occur m all Tcrtdiratea. In fishea, the cpiphyara remain permanently 
cartilagiiKKU. Pakeontologtcal evidena suggeata that thu primitive feature 
Was alin common to all land ver te b rates m early geologud times, at least 
up to the Ttlaasic period,* and h has persisted lo certain groups of modem 
reptiles (crooodilca snd t^Honians) 


7 TIME 3 OF OSSIFICATION 


The onset of oasificstian and its pr og res s in the early ita^ of derelop- 
ment have been stodied mainly by the cxammstion of sens] microscopic 
sections of embryos. In the stndy of centres of oauficaticni m late emhiyos 
or In young »nima]*, staining with shzann u commonly Employed. 
Ahxadn u t regctable dyestuff prepared from maHtW nxic It forms a red 
lake with calaum oxide, and m its staining selects out centres of osalfica* 
tioo probably beexose of the eo pccntrat ion of calcnim iota in newly 
deposited boie. If the whole spedmen u thus cod cleared, the 

n HiiF ira are cleady displayed and can be studied with a blnocolar micro- 
scope (Fig 37). In a young animal a aimilir picture can be obtained by 
tpji«^ng tfyp i m blue rntrapentooeally and HIHng it forty-eight hours 
7^ developing bcces are stained deep blue and stand out very con- 
spicnocaly » 

In g en ia l the pnmaiy centi e a of oeazficatkm of til the larger bones of 
the human body appear at the end of the second month foetil life. 
The earliest bone to start o«lfyuig u the cUvicle (dnnng the sixth weekl 
The Trv«mi?bTa «nd femur follow tot closely (dnring the seventh week) 
In the the pnmsry ca a itres for toe bones of the olfactory capsule and 
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prtcoaous u females. A kaowkdge of the dates of oasificxtioo ud more 
fttiticukr^ of the dates at which epiphyses become fused to the diaphws, 
penmts of an estmtatKm of the age of an unknown mdhvloal whose 
skeletal remains are trallable for ttady For ttchaeologkil or medico* 
legal purposes, the unportance of this be obrious. 

It may be noted that epiphyses at the g uw io g ends of bones are the last 
to fuse with the diaphyiU. Ingeaenl,!^ the cpiphysea which jom lut 
are the first to commence osaitoinon. An except to the latter rule is 
found in the lower extremity of the fibuk. Here the epiphysis appears 
eaiikr than that at the growing end of the bone, and also rases earlier with 
the ihafL The precocious osnficaaon of the lower end of the fibnk 
(dunng the second yesi^ Is perh^ related to the strain to winch it is 
subject when the infimt begins townflu 

In the female sex, ep i p hys es join with the shaft somewhat earlier than in 
the male. It u alto tkM caao th^ contrary to what might be ex pected, the 
dates of fusion are osuaUr delxyol in normal mdMdoaJs of short stiture, 
and accelerated m tall indmdoals. 

The ketors which detemune the time of osaificataon are obscure. A 
companaon of the tarsal cod carpal bones and to some extent the y ertebrae 
(each series of which form components of a commem mechanism) sufflM 
that sixB is a factor the larger bones commenong to ossify earner This, 
howrrer wQl not sccocmt for the early ossifirahoo of the chivick, or the 
(fifierent times of ossAmvm of (s^) the bones of the ikuH Functianil 
and morphological factors may be Inrohed in such cases. 

As tn indtvtdual anomaly the onion of an epiphrsu may be delayed 
beyond its normal tune, or it may nerer occur at all The posailnlity of 
such tbernmons should be recognised since they proride pnfiiia for the 
inexpeneoced radiographer An onfused epiphysis may be ndstakoi for 
a fractore. Other sources of filbcy m the Werpretation of rtdiognqjhic 
appearances are the o c c u rrence of accessory enlpfayml c entr es (e.g in the 
upper end of the uln^ or of aocessorr ossu^ in the carpus or tarsus. 
In cases of doubt, an X ray photograph of the oppoarte shw may help to 
determine the issue, for su^ inonMlies are frequently bUttersL 


8 ANATOMICAL METHODS OF STUDYING BONE GROWTH 

Reference has slreadr been made to the experimental m^rthM s used by 
the older anatomitta in their stu di es of bone growth, such u the removal 
and transpltntatioo of the periosteum, endfoling a growmg bo^ with 
sitrer wire or tinfoil, and removm^ or graftii^ portioni of bone. In this 
fection, snn^ tDcthodi of critksl importance wiH be described. 

One of the eathest fiuas to bo establbhed in regard to bone growth k the 
ibscnca of all fartetstrtal growth. In other wo*^ a mass of bone nerer 
increases its sue by farter^ expansion but always by surface accretion. 
This can be demonstrated by a simple e xp e u nent made many years ago 
by John Hunter and other mrcrtifttots. At two potota m the length of 
shaft of a Innb bone b a young aaimil marks are made or metal pcHeta 
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inserted, and the dutance between them measared- When the bone u 
after it hai grown comidcrably in length, the distance la fonnd 
to be precisely the tame Similar obterwtioni lave been made by the use 
of the madder method- This was also employed by Hunter and m more 
recent Tears has provided the basts for a senes of careful studies of bone 
growth by Brash and his astoaates,' It is essentially a process of vital 
•taming (Fig 38) 

When certain young am main (c-g pip) are fed with madder root (Rubut 
tpirirmm). newly deposited bode becomes stained a pink colour * If a very 
young pig is fed with madder for some weeks, and is then given a madder 
freemet for say three weeks and the macerated bones show that 

the osseous tissue laid down in the caihcr penod is stained, while that 
deposited dunng the madderless penod ts unstained. The roost accurate 
observations can be made by alternating several tones madder feeding 
with a madder free diet The shaft and the extremities of the long bones 
under arcumstsncea show sitematmg bands of stamed and unstained 
bone corresponding to the different dietetic periods. Not only a it possible 
by this method to detect prccaely where bone deposition snd bone absorp- 
tion, have been occurring dunng the process of growth but the amount 
of bone laid down or cemoved m any particular area may be measured with 
a fair degree of accuracy The method hu been cnticued cm the ground 
that madder merely stains the more vascular part of the bone, and that it 
is not a true indic^r of osteogeneais. These ermosms boWrer have 
been adequately answered by Brash. 

The method, of courae, requires careful interpretabon, but if employed 
with discretion and by the techiuque of alternate variations m madder 
feedmg, it certainly provides extremely useful information- It has given 
the dial proof that a long bone grows by accretion accompanied by the 
absorption mcchsuiam of rcmodcllmg The diaphysis grows m length at 
the epiphysial ends only The bony epiphyses themsdves gro w bv the 
deporfocm of bone on their free articular surface. No new b^ is added 
to the diaphysial side of the epiphysis indeed, some degree of absorption 
seems to take place bcre,» 

The kind of dcbdl which is provided by the madder method may be 
iDustrated by reference to Brash s observations on the growth of the 
mandible m n^igs (F g 39) Thii bone increases m width as a whole by 
deposition of bone on its lateral surface and co^^e«^>fmdmg absorption from 
its inner surface. At the ssme time the ascending ramua grows in antero- 
posterior width by accretion at its postenor border and to some extent its 
antenor border undergoes absorption. Thus the whole ascending ramus is 
shifted back relanvely allowing an mcrease in the baiward exteimon of 


p _ *5^ probiow te On irowth mi «Wop«iientil mstwokim of boot 
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Fb. it. S«cddeB 0^ tfa« tfbte* of tw« madder fed ;4t«. ^ mtd eo vetka U reapadfrely 
71m madder had bees <rrJt£ttl from th* food hr 30 a tba caaa f die Bxtt, tod far 
19 daya fa the erne of the a a cij o d . TIm new booe add ad dm^if tfaaM Doo-madder period* 
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expan d mainly by accretvon on the cxpoaed surface and absorption on 
the mtracraniil surface. It wa» formerly supposed that the suture line* 
represent the ttmih region of growth, but this la by no mean* the case. 

application ol radiography to the study of bone growth 
The growth of a bone in a smgle mdwidual can be studied contmuously 

over a pcnod of year* by radiography In tins way the lengthening of the 
shaft, the appearance and enlargement of the epiphyses, and also the trabe 
mLr pattern of the cancellotis tissue can be clostdy watched. The dates 
of tppeannce of ossiSc centres in the epfphysci harre been found to show 
a slignt de gr ee of individuil variation and, as has already been mentioned, 
are earlier m the female However thCT have been found sufficiently 
constant m some to provide a basis for the study of factors which 
retard or accderate ossificatioru They may therefore be Used for the 
nutnUonil assessment of g ro win g children, for it is well Imown that ossific* 
Uon 18 considerably retarded if nutrition is inadequate. The potsibnrtiei 
of this appheaUon have been studied by WaHa in America.^ On X my 
filmi, the absolute toe of a growing epiphysis m a child can be measured 
with a planimeter or the rclatiou of ita width to that of the lower end of 
the disphysia may bo exp ressed as a percentage ratio The extent of the 
growth of the epiphyses m relation to the age grwjp of the chDd i* thus 
recorded, 

WtUis found that bcoe growth is mihienced not only by age and sex, 
but by economic status, tl^ mdividual s total body weight, and also 
posrfbly by function Racial difference* also require to be taien mto 
account, but as yet there are no rdlable data cm this point. There u 
evidence that in the natives of Indu union of the epiphrm occur* about 
two to three years eaiUcr than m ^iropean popukuona, but it u not certain 
whether this precocity depends on climatic rather than racial fsetora.* 
Some centre* of ossificanon (c-g those of the carpal bones) seem to ^ too 
vanabla to provide a baau for comparative studiea of this kind. 

HttnsJ has discustcd at some length the lines of arrested growth which 
can occisionaily be seen radiographically in the metaphyse* of bng bone*. 
These transverse lines ore lo^ cemdenaanon* of the trabeculae of can 
ctflous tissue, lumlsr m appearance to the ime which nonnslly appear* 
at the site of fusion of the epiphysis with the diaphysu in a mature bone. 
They can often be related to deEsute illnesses w^ch have occurred m 
early hfe, and which have led to a temporary disturbance of ossification in 
the epiphysial cartilage. Such lines of arrested growth wbm once formed 
are fixed, and they can be employed for makmg accurate measurements m 
\ ri^ films of the subsequent rate of g r ow th of the diaphjaw. They h*>-e 
provided corroborauve evidence of the mechanism of growth in length of 
long bones. 
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the alveolar border The borixantgl lamui of the jaw growi m length 
mainly bj depoaibon of bone on the anterior amface of the tymphyioal 
region- TTie height of the bonaontal ramua la mcrcaaed at the alveolar 
border This latt observation nfrrwirilj means thit the teeth contained 
within the alveolar border are mvolvcd in a contmual shift in order to 
Tramtoln thcxT relative position. Indeed, it U now known that the teeth 
move upwards and forwards gradually partlv in order to keep pace with 
the upward y n wt h of the alveolar borfer and partly to make room for the 
eruption of wt molar teiKa behind. 



Fra. B wywiia r' T *‘l of tfa* irwlM oi Uie ligbt halm of fin pin 

mrwlihlgm- Th« tf«* of tbc wcTO HI foUowi] oowbocn. 4 mo. ire«a>, ja weak*. 

Bod 91 wHfa. Tbe poBitioa a( tba fcKtrtfa milk EOAkr It ladkirt»d fai tlie Gnt tm md th* 
pcnmnccit moltn ki tbe odnura, to tfaov tii* up w i/ d «m 1 forward mowsenta of tbe taetb 
daring growth f tbe (Fnan ] C. BrHh.) 

The madder tecbmqae ahowa that dunng growth the bone forming the 
anterior wall of the tooth sockets is contima^ being absorbed, while new 
bone is laid down at an equivalent rate on the posterior wmlL Thli leads 
to a rdatrve forward ndgratum of tbe teeth, ana when h ia realized a 
rimftar pr o ctJ a muit also occur m the upper jaw in perfect co-ordinatkra 
with the lower jaw in order to maintain tbe normal precision of tooth 
the cooiplciitT of the mechanism becomes very evldenL It will 
be realized, also that this tooth mOTanent is a fmtor of aome importan ce 
In the study of irregular eruption of the teeth and malocduaicFn In the adult 

This example w bone g r o w th cmpbaalrea the great pksdeity of bony 
during development It mi^ be deposited and removed again and 
a g ain, go th*t m the final model of the mature structure nothing ts left of 
the bocy substance which was first laid down bv the proccH of o«nficatKm, 
Yet the charactenstic shape of the bone and its rdiuiao to neighbouruig 
gtructures arc maintairied relatively \ mch a ny ed. 

Tbe bones at tbe base of the skoU grow m mach tbe aome way at Jong 
bones, at the she of cartflaginous plates winch He between them or between 
their component elements. The fiat me mbr a n e bones In the ikuH vault 
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pnoaplia. It is the btat conitracSton for romtmg bending forces in any 
dirtctioTu Such force* conceiitratc their effect on the *ur&cc of the 
cyimdnol sbtft ao thit, ts br u itrcngth is concerned, there i* no need 
for a ttjid core This can moat easily be demonstrated by reference to the 
pnnaple of a loaded beam* 

If a honicmtal beam b aupnorted at cither end by vertical piUara, it 
•win tend to saa m the middle (Fig 40) It is now clear that on the lower 
furfacc of the beam the material of which it is constructed is exposed to a 
tensile strain and will tend to be 
tom apart On the other hand, at 
the upper sur&cc the material u 
exposed to an opposrte or crushing 
force. It IS cquilly clear that m the 
central am ot the beam there ■wiU 
be a tone •where the tensile and 
cotnpTcmoa f or ces are neutrahted. 

In other words, the removal of the 
material m thn tone will not 
appreciably affect the strength of 
tlu beam at a whole. 

In the skeleton, the tubnlar 
dttiacter of the long bones, while 
not lessening their strength, makes 
for hghtfieas tod economy of 
fflstcnal and also at the tame time, 
provides tccommoditum for the 
marrow tissue. Precisely the tame 
mechsmeal explsnstioa applies, of 
course, to structures such as hollow 
reeds, qmtb of feathers, &c. If a 
long bone such ss the femur is 
subjected to a bending force, the 
marirral strain vs taken by the middle of the shaft. Hence the bony wall 
of the tubulir shaft here Is thickest, and gradually thm* out towa^ each 
extremity In the skull, some of the bones tre excavated by extensive air 
sinusca. The body of the maxilla, for mstince, b a hollow shell with 
relatively thin waHs In this cate, again, hghtness b gained without 1 ^** 
of strength- The maxilla must be sufficiently largo to accommodate the 
teeth, provide for the attachment of baal muscubtuie, and Its part 
m the coostructicto of the orbit and nasal cavity If it were a solid struc 
ture, the weight of the haal part of the skull would be scnomly mcrcajcd- 
loadcntalfy the air sinuses serve a function as resonating chamber* for 
the voice. 

For manv year* it ha* been recognised that the dupoaitioo of the bony 
trabeculae in cancellous tmue bears * dose relation to the line* of stress 
and stram to which the Exme IS tulgected. Inthemiddlcofthelastccntury 
Meyer* compared the tiabcailar irrangement m the upper end of the 
IL Merer Die Arehhdctnr der Spon tlu em jtrrt./ Ammt, u. P^jj 47 1S67 
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9 THE MECHANICS OF BONE 

In vutne of hi inoinnic frcmewodc of cakareoui mitrrli l, bone bit 
lent iticlf more reid% ™n other besoet to the ttndy of mecbtmcal adapti- 
tion m the body Ckie Btndj h» rcTciled that in ha internal structare 
a bone n adapted m a very reznaiU>te way to imat the atiu w u and ttrama 
to which h b anb^ected finring life. Thh anbject has been dealt with very 
expUchlT by Thmnpaon.* 

Bone a required to have itrength of two kinda, to resiat compreuion or 
cruahing forces, and to reswt tencile or dampting forces. The tensile and 
com prea irioo strength of bone are of an equivalent order and h er e in bone 
shows consulerable advantage over many buQding ma ter hla (such as 
cast and wrought iron and wood) which are strong m one direction but 
weak m the other An engmeer may rcqaire to me two drfFn en t kinda of 
material ib stiya and atruti (to r e aiat and comp r ean on forces). 

Bone is almost equally for both purposes, ts u abown by the 

foUowmg table* in wfafcfa dx average strength of bene (in kg peraq mm.) 
u com p a r ed with other mstimala. 
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It whl be noted from thn table that the teniile aXrength of bone la of tbe 
same order a that of cast iroiL This has been recta dv confirmed by npcii- 
mentsl studies^ on the femur of rata, which showed the a ver a ge breaking 
streaa to bending to be 35 000 tb /sq m. as compared with 40,000 for cast 
iron. It was also found that bone m^edal is more than three times as atroeg 
ts timber and half as strong as mild atecL Tbe int e res tin g observation was 
tb»t, evm if the axtil losd on the femur Is IpacJMd five times by 
jumping from s height, the strogth of the bone la 140 itmM greater than 
Is necessary for such an tcUan, and the rrmflnTfm h reached that Ixaies 
sre 'made not as timple props but rather to withstand the severer actiona 
of bending and twisting' A mechanical analysia of tbe human fe mur ts a 
■tructural ekment of a machine by Koch has given snnilarresults.^ Accord 
ing to Us the load on the head of tbe femur in a standing 

po^ itinn is of thc body weight In runmng, the dynamic effect of tbe 
sodden spplkation of the body weight produces su esse s wfakh are more 
than fire tones as great — Le. i-d tunes the bodywaght Further while the 
femur has s factor of safety of ^-68 for atres s e s doe to nmnmg, the &ctor 
of aifcty for tbe standing positKia is as much ts 30^ 
rnw tabular character of long bones b resdQy ezpltmed on mechanics] 
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THE MECHANICS OF BONE 
The direct adaptive response of cancellous tissue to functional require 
rncnti 11 shown by the fi^ that the lamellar architecture m the bones of 
the lower Itmb m man only acquires its 6oal arrang em e nt when the child 
begins to wiIL It is further demanatrated» m a still more striking msnner 
by the complete reconstruction and rearrangement of the trabecular pattern 
■which plicc m bones which are oixied to an abnonnil complex of 
i tressea and strains is the result of a badly set fracture or some deformity 
In these f^g*#** there u no doubt that the new pattern is more effiaent 
mechamcilly 

The conception of pressure and tension lam ellae has been vigorously 
attacked by some antnontiet.* It is objected that they do not always 
mt era ect preaacly at right angles, and that they do not always conform 
accurately to the theoretically calculated trajectory lines However the 
varying stretses and strains to which any tingle bone is subjected dunng 
life arc so complex tha t it is hardly possible at present to express them with 
matliiMTmhrgl exactitude. Apart from the major forces which arc related to 
the weight of the body and general movements, the pull exerted by numer 
ous muscles and ligaments m different directions, and even the pressure of 
adjacent structures such as vessels and nerves all exert some inffuence 
Coniidenng variable factora, it is remaikable that the comadence 
of the lynel.lar pattern with the mam estunated trajectory lines is as 
maiked as it is The attempts vrtuch have been made to expbm the 
pattern of cancellous tissue as secondary to the anangement of the cartilage 
columns which are replaced dunng ossification, or to the dispocitioa of the 
blood vessels m the bone, or as simply conforming with the external 
contour of the bone, are not convincmg There can be no reasonable 
doubt that, at least in great part, the diaposiUon of trabeculae m cancellous 
tissue is directly conduioiicd by the miyBanipal requirements of the bone. 
Experiments at vtPv have provided important information bearing on 
this problem, for it has been demonstrated* that if a fragment of ossi^rmg 
cartuage IS directly exposed to teimonal forces bone formation is increase<C 
while reduang the tension leads to a corresponding retardation of otufica 
tlotL Moreover m oiteogcnetic tissue subjected to pressure and te p«nn, 
osteoblasts and osteogenette fibres become orientated along the Imes of 
stress and strain. It seems clear tberefore, tlri mechanical forces play an 
important part in determining the pattern of osseous architecture. 


10 THE SELF DIFFERENTIATION OF BONE 

! 

TTie remarkable adaptability of bones to mgrb<nTf»B] requirements 
suggests that, in the embryomc development of their characte^c form 
ertnnsic factors may exert an important influence. For mstance, it has 
been supposed that the shape and curvature of the ahaft of a long bone 
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the laoielke form fauiy dear-cut e^etzn. For InMtMnce, m the calcaoeus 
the pressure UrtKltiB are resolrco into two mam compooents directed 
from the upper articular turCice downwards and backwards to the point of 
the bed, end downwards and forwards to the under surfsce of the arch of 
the foot, while a syitem of termoQ lamrilae curves m an antero-postenor 
direction through the lower part of the bone. 

It seems apparent that these iamellae are developed in direct respoose 
to mechanKal ttnnuli, though the precue nature of tlus response is not 
understood. It must t» remembered that m an immature bone carKcIIoua 
tissue u a closely meahed ne twork of trabeculae. 'The differentiation of 
well-defined lamellae therefore comes about laigelybyaproceas of thinning 
out— preaumably the result of the abtorptivo activity of oateodasta. It is 
veil known that boocs which are not subjected to th^ normal mechanical 
rtunnh, u m a paralysed Emb uiKieigo atrophy m the course of time. It 
may be supposed t>4r t a srmlkr process of atrophy leads to a thinning 
out of superfiuous cancdloui ttsaue in a oonnd bone, leaving behind the 

mechankaDy functional bony lamdbo which are necessarily disposed along 

tr^ectory linci. 
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the »otiiaUc mesodtrni a growth pattern representmg the shafts of the 
Irmh bones 

The self-differcntitting propertiea of mammal tan bone also have been 
demonstrated by 'Wllha,* though not in quite »o strdemg a manner «mce 
be used cartilaginoua pnmordia as grafts Rudiments of the femur about 
I mm. long, removed ^m 15 mm. rat embryos, were implanted mto brains 
of nx weeks-old rats After mna weeks In this cunous situation, they had 
grown mto fully formed long bones reaching a length of 19 mm. The rate 
of growth wu spproxiinatdy the aame as that of the corresponding bones m 
the mtact ■nTm«V Fanota with shafts and epiphyses of typical shape and 
stmeture were formed.* 

TIm bony articular surfaces of jomts can similarly be formed by mtnnaic 
differortiatioa with no relation to the attidiment of musdes, or to the 
initiation of movements in the foetus That movement is not a factor m 
the development of joint surfaces has been mferred from the embryo- 
logical stuoy of ftrgij and stained sections of normal matenaL Thus it has 
pomte^ out the ossicles of the middle ear become differentiated 
with the establishment of their articular extremities while they are still 
embedded in a mass of connective tissue and apparently quhe immobile. 
Fell and Ctnu* have observed the development of joints w tTiiro from 
eraknts of hmb buds. Under such conditiocis, amcuUx surfaces become 
dmerenuated in their normal positions st the extremities of the bones. 
It u also postible for joints to be formed by tissue which u normal^ some 
dotance from the articular suifrce, but in this case they do not develop 
tbeir diaractenstic shape. 

The morphological mdinduahty of the membrane bones of the skull 
was demonstrated by Troitsky* m an mtercsting expenment m which ho 
excised a complete parietal bone m a young animal. He found tVi»t if the 
underiymg dura mater la left intact, a new centre of ossification appears, 
and from it a parietal bone of normal is regen er ated. This 

observation is important because it shows that the suture hnes of the skull 
are not merely the meeting places of several centres of otaifiartion spread 
ing tinniltineously from different directions. In Troitsl^s expenment, 
the adjacent bones showed no tendewy to ^rcad orer the sutural Im et 
mto the area left by the excised panctaL The conclusion u suggested, 
therefore that the dcfirutiTcahape of each skull bone is predetennined in its 
ossific centre, and that the suture lines mark a stnetiy morphological 
boundary * This is not to say however that individual vanaffons m the 
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are conditioned by the developing mmcuktnre and other aoft structures 
immediately related to it, that the conto ur of articular surfluxs a deter 
mined by the position of moade attachments and the p ressure between 
adjacent bones, and that tubeidea and tuberosibes are fonned m direct 
r esponse to the poll of tendons or Ugamenta. 

Hie apphcatian of expenmental embryo- 
logtcal methods to these problems has sho*^ 
on the cantrary that the development of the 
mam anatosmcal features of a bone depends 
on Intrmalc gro w th factors to an tatonishing 
degree. Aa an example of we may qnote 
the eipcnments of Mumy and Htndey ^ 
These authon grafted a figment of ^ 
posterwr limb bud of a four-day duck embtyo 
on the chono-aHantok membrane of a chick 
of seren Axjt incnbstion. The hind-hmb of 
a four-di^ chick la only just b eg inni ng to 
a p pear and at tbf stage of an un- 

dmcrentiatcd of firlU with 

no apparent Indicatian of the future skdetnn. 
After five days, the grafted fra gment had 
derekrped into a lecofluzable femur with 
ossificaQan In the mld^e part of the shaft 
(Fig 4 a) The feniuT shcFwed a typical enrva 
turt, a bead and trochanter of smn form, 
and an faidpiem development of condylei at 
ita lower extremity A separate patelk was 
also fbemed. Hils observatlan shows that a 
bone can be developed with all its mam 
anatomical characters fr om a piece of mor 
phologlcally undi fferen tiated tnsue which u 
^ completely isolated from ha nonnal e n v iron 

** «ppe»™, therefore, that this de- 
tram 1 Head. s. Hhaft velopment Is independent of the mflnence of 

trf tonar j. F njnm t ertiinsio mechamcsl or chemical stnnoli of 

of iroff fa mb- » local OT TCgumil charmeter—^he potentiality 

p«rfa«nl boo*. ^ Lkm of t rendes m the Ussne itself 

In Buomming “ 

MutT»y«tdJ 8.Htnky) pcnmcnts, Munsy tnd HuxIot conclude that 
the limb bud of a four days cnick b a mosaic 
ftructore and not an htrmonions equipotential srstem — the limb bud at 
this stage of a cumber of diSeient regions, each predestined to 

give rise to one ■'‘gTnent of the hmb only but each of tl^ remons b 
totipotent as reganb all the parts of the segment to which it b destlaed 
to give rbo Other eipcnments br Mumy have led him to suspect that, 
erm brfore a timh bud appears in the embryo there already exists m 
Y Kxl J 8 . fa tbo tnftad iknli bod ot 
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arc impoaed upon iL This phenomenon ha» been studied cxpenmentally 
m some detail by Appleton,’ -mth particular reference to modification m 
the shape of bone* mduced by the adoption of an unuaual posture. 

In a senes of young rabbits the common obturator tendon was sectioned 
at Its insertion mto w upper end of the femur This results m a m edial 
rotation of the thigh which may be progressive imtil the pophteal surface 
faces almost dir^ly laterally and there is a consequent disp l ace m ent of the 
foot, which coihes to rest on its inner border In two-rnontbs-old rabbits, 
structural modifications are rccogmiablc m a fortnight These are shown 
m a retroversion of the lateral condyle of die dbia, and alterations m the 
tontonal angles of the femur ind the tibio*fibula. 

In another senes of expenments, splints were applied which compelled 
the TinTut to displace its foot lateally m walking by means of a medial 
rotation of the After three wecl^ the torsional divergence between 

the fcTDur of the splinted limb and that of the oppositt side reached & and 
after six weeks ai Appleton found that nmilar experiments made on 
mature rabbits led to no recogmxable modificstion of the bones. In other 
words these postural adaptations are the result of an alteration m normal 
growth, probably due to the changed distribution of pressure on the 
ejnphj^ plates of cartilage at the giowmg ends of the bones. Observa 
tions of this type point ths way to the orthopaedic treatment of skeletal 
deformities in ^dren by a proper appreciation of thdr postural bisia. 

Certam raoal diff er ences m the skeleton are apparently related to 
posture Such, for are r e tro v e raion of the head of the tibia, 

uttemng of the shaft of the femur (plaiymma) or of the tibia {phtycruima) 
and the so-called squatting facets^on die lower end of the tiba end the 
nede of the talua. There a evidence to suggest that these modifications 
are rdated (at least in put) to the habmal adoption of a squatting posture 
m rest, or to excessive activity of certam kinds such ns hiU-cWbmg > 
The ease with which abnormal preature can distort bony tissue m the 
sdult u well shown in certam pathological conditions, A growing tumour 
such as an aneurysm, can pitiducc qmte extensive ertmon m an adjacent 
bone as the result of mechanical pressure. 


12 FACTORS INITIATING THE PROCESS OF OSSmCATlON* 


VanoQS theories have from time to time been put forward to accoimt 
for the mitul appearance of centres of ossification. Some of these will now 
be considered. 


In old age, certam tissues which are badly nounsbed may undenro 
calcification. A similar process not uncommnray occurs m the middle of 
^rly vasoilanzed or avascular turooura. It his been suggcitcd that the 
deposmon of calcareous salts m the first stages of endochondral ossification 
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extent of each bone mty not occur The Uduymil bone, for eixmple, nuty 
occaxioniHy extend beyond it* Dormtl limit* within the orbit to rcich ihe 
£*djd iur£a« of the ikuU, or it be *b*cnt tltogether and it* pbcc 

by an exteialoo of neighboring bone*. Snnilaiiy the mtnral nattiM- n in 
the temporal rcgKm of the ekulf *bow* connder^lo Tinatkm, oep^dmff 
on the rdattre eaten* nm of the *0761x1 bones which at a sutiinu 
junction here. 


11 THE INFLUENCE OF MECHANICAL FACTORS ON THE SHAPE 
OF A BONE 

The preceding account ha* emphaaaed the p ower of telf-d iffer e n t iati oo 
in hooc derelopnient. Remarkable as thi* u, it does not account for the 
finer details and markings which arc formed on a normal bone. For 
instance, m expenment* on the derelopmcnt of isolated femora In chorio- 
allantoic grafts, Murray and Selby^ found tbt a groove ponxtalty pre sen t 
in the hiad of the bone, and directly related to the acetabular 1i ^nii»!nt, 
does not appear It *e ems , therefore, that the direct contact of liga 
ment is n ec e ssa ry for the production of tbe groove. TTiexe is no doubt 
that, in the kter developmientat stsges at least, the refinements and details 
of bone ctmtour are conditioned to a large extent by extrnme factors and 
depend upon oonzul functional acervt^ The acaraU adaptation of jemt 
sonaces u related to mevement. The less conspicuoos ndges and depres- 
sions on tbe surfice of tbe bone, or m other words, the finUhlrtg touches 
in its final modelling, owe thdr ongm to the tension of rmudes and Qga 
ments, or to tbe pressu re of adjacent strecturea.* 

Tbe shape of a mature bone can be markedly distntbed by abnonnal 
activity dunng growth. Thus a dislocated femur may as the result of 
pressure, excavate for itself a new scctabulnm m tbe iln^ In deformities 
of the feet, the tarml bones acquire an abnonnal shape and their mtemsl 
architectnre ts altered or does not became diffcmitiatcd.’ A grafted strip 
of bone, inserted br tbe surgeon between tbe of a bai^ fractured 
bone, may umte and thicken to as to the general shape of the bone 

which It replaces. Remo v al of one of the foT es r n i h<ir>wt In «■> 
gnimal b followed by a considersbie bypertjtjihy of tbe other bone which 
now takes on tbe supporting function previoiitly shared with rt* com 
pinion.'* AH these examples erophastre the pbstiaty of bone and its 
ability to respond to the mechanical req ui rements of new funedons -which 
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to ibow thit the procc« may be otherwise induced m mdiffcrent connective 
tusue by the mflococe ot the devdopmg bnuL According to TOrt ' 
implants of bram tissue are able to mdace oanfication m vitro m fibro- 
blastic tmue which hti been coltivaied from the heart of chick embryos. 

Howell* bM shown that m the completely denervated limba of young 
yn i^rjlt m which the musdea are paralysed, the bones grow normally 

except mthickneaa, and to a very all^t extent b length. These arc there- 
fore the only major characters of a bone whose full development may 
depend to some extent on the stressca and strains related to normal mus- 
cular activity the general shape and dnnencons arc deter mm ed rather 
by genetic fiuaors. 

The relation of oateogenesu to tensile forces scemi to be frirly evident 
(cm fuperficial consideratjon) In the case of ossification of t e n dons. This 
process is commonly found the tendons of the leg m some birds and m 
the long and powerM tendons of a kangaroo a tsfl.* In these esses, how 
ever the conclusions drawn from direct observation require to be tested 
expenmentally It u essentisl to know wbethcr the tendons, reheved 
of that normal tension by severing tbdr attachments become oanfied m 
the usual manner 

In the human body as m olher mam mala, bony nodules normally 
develop in ceitam tendons formmg ttsaotaui bow Examples of these are 
found m the patella, m the ossiclea which develop at the bsertion of the 
short flexor musdes of the thumb and great toe, and lanmetimes) in the 
tendon of the peroneua loogus ui the sole of the foot ^rous or caxtila 
gmous sesamoid bodies may develop without oasificatum. Smmoid bones 
are formed at points of fnetwn, where, for mstance, a tendon passes over 
a bony eminence or ridge and changes its direction slightly Indeed, the 
devclopracnt of a sesamoid bone may help to ampUfr tlm change of three 
Uon and to Increase the leverage poiw of the tendon. Friction is 
mixed by the formitian of articular luriaces between the sesamoid and the 
undeTl 3 r{ng bone, and it has also been suggested that icsamoids serve to 
m ai n tai n the vascular supply of the tendon at a point where pressure mi^t 
otherwise occlude the bitw vessels. 

It Is commonly assumed that setamoid bodies art formed under the 
direct mfluenct o! fncUon* and there is some experimental evidence in 
support of this conception. It has been found that if the patella is excised 
m young puppies, a new bone ta fonned if free mo vem ent at the knee 
jetmt IS allowed- If on the other hand, the hmb is kept immobile no 
regen erati on of the pitcUs occur*.* The authors of these experiments 
conclude that these results reveal the influence of pressure by thoquadn 

cep* extensor fcmotis muscle upon the ventril aspect of the diital extremity 
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u a degenerative change of a «nnlkr kmdr On tha view there u pretmned 
to be a ddinite limit to the toe which can be attained by avtacukr tiacoc 
inch ta cartilige which dopenda for its nutriment on the imbibition of 
flmd from the surroundli^ vatcular taanea. When this limit ii reached, 
the c entr al cf J l i of the cartilage u nd ergo deg en er a tion. Thii la accompanied 
by a precipitation of calcarrana taha in the ctrtilagmons n -a i t l r , perhaps 
due to a local Increaae m the aadity of the toaue floida. The calcified 
cartilage la then mvaded by the tnntnmdmg blood v easels and removed 
like any foreign body It teema Ycrj doubtful, ho w e v er whether the 
mmmwwTTTi^nt of a p rimar y oKificition in cartila^ u delayed until the 
latter has increaaed m sne up to ha notnttonal Innita. At the thna when 
they cofnmence to oaaify for Inatancc, the carthtginoGa model of a phalanx 
of the little finger (at the aecond month of foetal life) a incomparably 
•mdlrr than the cartHaginoua lower extremity of the femur (at birth) 
On the other h^nfl^ the large cardlagmoua c^hTiea in man are ikhly 
permeated with vaacukr cartilage cciala aome time b ef ore ooification 
commences, to that there is no reason to suppoae that the mitntion of the 
cartilage u m any w^y defe ctiv e. 

It ts nnportant to that there la a clear dtstmction between 

simple calaficatian and endochondral ossification. The former may be 
regarded at a degenerative p roce sa related to a poor blood aupply and a 
breakmg-dawD of the tunes, but the latter is an active pro ce ss 

by a rich vascnkroHon and taaue prolimratian. Some 
cartili^ m the human body undergo aunple calcafinmoo with adfancuig 
age without oecesaanly forming true bone, e.g the thyroid cartilage. 

11)6 onset of oesifioitkm has been np poted by scene anlhontiea to be 
dependent on mechanical stimuli, particalarly tensile forces and fnction. 
It has already been noted m previous secdona tint ossification can be 
accelerated or retarded by tenamo and pressure. Reference may also be 
to the work of Krompecher who pr esented evidence th^ in the 
healmg of fractures, bone fonnation is directly promoted W tensiftnal 
forces p r e ssu re, on ^ other h»nd, tends it first to mitute caimage forma 
bon bot with peraiitent p r e ssure the cartilage also becomes replaced by 
bone.’ Thoms has advanced the theory that pracbcally all bone formsticsi 
and bone growth, both in embryonic and post natal Ufe, are directly depen 
dent on & response of osteogenebc tissues to teniile and compression 
forces. appearance of centres of osaificstiim in the membrane bones 
of the vanh of the sknH, for example, bas been speenkbve^ related by him 
to the forces set op by the lapidlT expanding brim.* It has been 

pointed out, however that in esses ot anenceph^ (a devdopmectal 
tnomalv cfa ar ac ten red by the almost cocrolete absence of the cerebral 
hemlspberes) the membrane bones are itul oeaified, tboogfa tbcir final 
shape Is distorted by the abnormal conditions of development. 

While tension ta a &ctor in determining the onset of oasificsrioc of the 
tkuC bones appears thus to be el imi nated, there is experimental evidence 
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to ihow that the procas may be otherwae induced in mdiffcrcnt connective 
tmue by the mfluence of the dcvdoping brain* According to TOrO » 
Implant! of brain tmue arc able to induce oanfication ai vitro m fibro- 
blastic tMue which his been cultivated from the heart of chick embryos 
HowcD* has shown tlut m the completely deoemted lnnb# of young 
■ntTwk m which the muidea are paralyaed the boneagrow normally 
except b tbckneaa, and to a very thg^ extent m length- These arc there 
fore the only major characters of a bone whose ^ development may 
depend to some extent on the streasca and itislna rdated to normal mua- 
activity the general shape and djmentions arc determmed rather 
by g enet ic iicton. 

'fte relation of oateogenesu to tensile force* seem s to be falxly evident 
(on superficial consideratjon) m the case of oaalfication of tendons. This 
process u commonly found m the tendon* of the leg m some birds, and m 
the long and powa^ tendons of a kangaroo • tail > In these cases, bow 
ever the condusions drawn from direct observation require to be tested 
expenmentally It is to know whether the tendons, relieved 

of thnr normal tension by severing their attachments, become ossified m 
the usQtl manner 

In the human body as b other mammals, bony nodulea normslly 
develop b certain tendons forming ttsumtad botw Example* of these are 
found m the pateEa, b the otsicks which develop at the insertion of the 
short flexor muscles of the thumb and great toe, and (i^etimes) b the 
tendon of the perooeus loogus in the aok of the foot. Fibrous or cartila 
ginous sesamoid bodies may develop without osslficatioai. Seaamold bones 
are formed at potnts of friimon, where, for instance a tendon pasac* over 
a bony eminence or ndge and changea its directioD ahgbtlr Indeed the 
development of a seatmoid bone may help to amplify th jf cnange of direc 
tion and to bcreaae the leverage power of the tendon. Friction xa mmi 
mixed by the formation of articular snrficc* between the se sam oid and the 
mideri3rmg bone, and it has also been suggested that seaamoids serve to 
Tnaintaln be vascular rupply of the tendon at a pomt whoe pr ea aure might 
otherwise oedude the blood vessda. 

It IS commonly stsumed that sesamoid bodies are formed under the 
direct fa flu en c e fiictian, and there is scene expenmental evidence m 
support of this conccptiocL. It-hai been found that if the patella is 
b young trappks, a new bone is formed if free moveroent at the knee 
jomt is alloi^ If on the otiicr band, the lnnb u kept immobile, no 
regencratjon of the pateEa occurs.* author* of these expannart* 
conebde that these results reveal the mfluence of pressure ^ the quadn 
cepa extenaor femons muscle upon the ventral aspect of the distal extremity 


^ 0*an* i»r Kncwpel ond K«>cbenentwlekhin« 
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of the fcnuir m the formetion of the patdk It h*i ilrcady been men- 
tioned supra^ p. 93) tii»t,*e patdk am ^Jptreot^ be (a ff e iailnte d 
m grafted fngmenti of the Ihnb bod of chick embryo*, when there can 
be no qaesdon of the extnmic mflocnce of adjacent mttaclcs or twvinm, 
We muft conchido from thk that ^rtiile the n^wteraten of the patdk after 
birth depend* on appropmte mechtoical w trmnU, the normal dcrclopment 
of the patella m the emhryo depend* rather on mtnntic gr owt h fretor*. 

Then IS little doubt that the patelk is a true sesamoid bone (and 
di»tinct, therefore, from the morp^logjcal dement* of the typical Tcrte 
bnte skeleton) for iti primary centre of oaddcaticin ippear* ertremefy 
kte — dunng the third year of life In man.* Thi* late oaaificatMO is charac 
tenstic of sesamoid bones m cencraL It is teninong to suppose tht, in it* 
imttal evohitioiiaiy ongm, the fbnnatian of ^ patelk ms induced by 
frictioa and preature, 1^ that it has now acquired a r ep r e senta tion in tl^ 
gene complet of the germ cdl which allows it to develop independent^ 
of BQch mechanical stmuili. A interpretation might equally well 

»ply to eminences ruch as the trodsmter of the femur Hower cr 

th^ are many dHHcoltiea In the way of accepting a theory such as tha 
which open* up the whole proUem of ^ mhentince of acquired duractera. 

There appeari to be a dose moipholo^kal relation between scaimni d 
booes and tracticn emphyae*. Thk a Indicated pardcukriy cleariy by the 
epiphjm for the olecianon process of the nlna. In most reptile* this 
element k represented by a aratmnifl onide in the triceps tendon. In 
Sptunodm (a geneialixed r^rtOe) the setammd fuses m ktff life with the 
upper end of the ulmt to fomi an process as in imn'irmliL 

Arnong the Utter bets retain the more pnmitrve amiiibon, for the ole 
datum c entr e of ossification remains pennanently separate, dosely re 
semblmg the patelk of the lower Ihnh 

In canaldedng the possible influence of xnechaiucal sthnoli m the 
initkrion and control of ontficatlon, H n worth noting that in nature a bone 
may derdop quite a complicated fonn and structure adapted &r reakting 
paiticukr stresses and strains during adult life, without bdng tubjccted 
during Its growth to any mechanical stunnli of a ccsnpaiable Id^ This is 
well shown m the ekbortte antler* of deer which sprout out fr om the 
fr o n tal region of the skull uuite iodependoitly of the pull of muscles and 
Dgamcnta or the pressure of adiaceot atructurea. 

If observateon and experiment suggest that In certam types of 
tkm extraneous stimu li pr ov i de the coediteoning factors, h rcmiim quite 
certain that the norwtsl appeannee of centres of nasi fiction is entirely 
dependent on intrinsic growth kctoia. 'Ihk mitrh has been adequately 
demonstrated by the self-difleraitktKm of complete bones in exj^anted 
tmuc* endidy remored from their usual c n yiro cm ent. It teems evident 
the psite m of the sdah skeleton is already mapped out in the somatic 
rnwwW m of the early embryo long before «rific*tkra, or even choodri 
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fication, his occurredu In tins embryonic tiMue, oiteoblasts am deiced 
to become differentatcd from mesodennal cells at certain phases of dc' 
vcloptnent and to b^m the formation of mdividual bones at a tune ^d 
in a Tvhich ire chanctenstic for each speac* of ani m al. In other 

■words, the development of the elements of the typical vertebTSte skeleton 
Ko« t morphological bans, and it ta possible therefore to apeak of the 
morphological mdividaality of these bones. 

Ossification c en tre s may emress thor morphological mdividuality with 
astoniahing p ernatence even uKJUgh the bones whicb thev represent have 
long ago ceased to be of any real functional importance. Many of the 
bones m the human skull, by the mohiplicity of thor centres of ostifi 
cation, reveal their phylogenetic derivation from the fusion of bony 
elements which are aeparate m lower vertebrates For example the adult 
occipital bone is a composite atnicture formed by the coalescence of such 
elements as the ban-ocapital ex-ocapttal and post-ocapitai, winch in 
primitive vertebrate skuQs remain distinct. Each of these elements in man 
u re p res ented by a aeparate ce nue of ossification- Again a small process 
of the human sphenoid bone (the medial pterygoid process) develops from 
a separate centre of osuficaDon m relation to a plate of cartiage represent 
mg a separate dement in lower vertebrates — the palalo-quadiate bar 
Rdfcretice bu already been made to aimnar atavistic centres forming 
epiphyses. Another striking example of the same phenomenon has been 
no^ by Hams in the sheep * In the adult sheep there u no clavicle, 
and some of the metacarpal and metataml bones have completely <hs> 
appeared. Yet these elements appeir in the embryo and imde^ osnfica 
tio^ to be later absorbed or in^tmguishably fus^ with acescent bones. 

It aometunes occurs tbst sudi rudiments continue to develop to an 
unusual degree. In man, for instance the seventh ctrvkal vertebra nor 
nully has a separate centre of owificaaon for its costal element, repre 
•entmg a rib Instead of fusing with the transverse process of the vertebra 
(as It normally does) this element occasionally continues to gr ow and form 
a cervical rib The latter by preaamg on the adjacent brach»l plexus, may 
give rise to symptoms whi^ require surgical treatment In such a case 
as Hams remarks the patient u not to be regarded as a freak who has 
grown a new cervical rib but as an unfortunate who has fiuled to keep the 
embryonic rib within normal bounds by fusion and supprestian 

The conservatism of skeletal elements in evolution is clearly of great 
tignificsnce to the comparative anatomist for the study ^ phylogenetic 
history Ancestral traits may be recorded m the persistence of archaic 
features which have lost thor functional significance. For example, in the 
mctitartil bone of the great toe of man, die tnnkm of the shaft and the 
contour of the proxnnsl articular facet betray its previous mobihty as a 
gtisping dimt the remnants of coccygeal (or cauil) vertArae still bear 
witness to the tail which must certainly have been lost as ^ tvi/>v m j~o- 
h^cal tones is the early Miocene era the simian shape and architecture 

of lower jaw persisted for manv thoutinds of yeari after rctrogrewon 

of the simian type of dentition for winch it had ongmaDy been a^tcdL 
H. A. Hanii, Tbe (octftl (Tvwili o{ ike *facep Jem. 71 1956-7 
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13 NUTRITIONAL FACTORS IN BONE GROWTH 

growth of akeletil dnue it more conipicuoustj affected th«n meat 
other tuniet hjoutntioDal defect leading to retarded growth, defbnnitiet, 
and tmdae fragility of the bonea, Non^ bone growth dependt m the 
first place on the aTiilability of its mincial compoMnti m an app r opriate 
form. Of these-, alcium and pbosphona are the most important, though 
magoeshim and floonne are sIm required. Dicta gioaaly d^oent m athn 
calanm or phoipborut lead to a rarefitctiOQ of the Ixmet (oateoporoiia) and 
rickety defonnrtiea.^ Even modencte calaum deficienciea may affixt the 
mechanical strength of bonea to the ertent that they are more liable to 
fracture, as observed in certain gr o ups of people which have had to emt on 
a restricted diet during war tTTrw on young rata have con- 

finned these observatiana by showing that the b^dmg and twhtmg 
strengths of the femur are directly rda^ to the percentage of caldnm m 
the dieL* It u mtcreitlng to note whhm tl^ inmts of these expen 
menta, calaom deficiency did not ifficct the external dimenaiana of the 
femur or the quality of the booy material the a ir eogth of the boce aa a 
whole was drm^ithrd by a thmnmg of the wall of the tubular shaft due 
to iDcreaaed absorption of the wall of the m anow cavity It sffjn a, mdeed, 
that In an attempt to rti nonnal growth expannoo m the absenc e 

of a suffident mtake the bone d cconpelkd to draw on ha own 

calriirm Inaide m order to deposit it ootnde oo the furfree. 

Even if the tetoal mtake calarum and phonhorua u wrffHmt to 
provide tH the material required for the growing ateJeton, these ekmexda 
cannot be utilized m the absence of vitanun D If this vhainln a deficient 
duemg the penod of growth, ossification u retarded and ncketa ouues. In 
this DUtntional disease, ossi^tkn at the epiphjxal cartilages of long bones 
is groeslr datiiibed. The Zone of calcifying cartiltge a no longer straight 
and well defined, and the r^ular columnar arrangemoit of the cartilige- 
celia dmppeaim, Iratcad, the growing end of the bcsie presenta an appear 
ance in tei^on of a confused mixture of calcified and uncaldfied cartilage, 
with patches of imperfectly oenfied bone and an abnormal amount of 
vascular tuaue. It n probate that all these changes are secondary to a 
failure of the cartilage to complete the prelmunary caldficabon which 
occurs in normal nssifirafinn,* so tlft the pro cess of ossification becotnei 
a r rested at this stage. In serere cases of rickets, not onir U the general 
g r o wth of the bones retarded, but their deficient cilaficatfi'm also lads to 
deforrmtiea since they are no longer able to rcaut the stiemls to whkh they 
are subjected. It appears that vitamin D controls the proporrioo of calaum 
and phospborus compounds in the blood stream, and the irailabOity of 


ZI. D D Bother tod D M. Greeobers. Btnra calchim defidency fai yeanf nta 
T NWrltiMi.31 i 94 t I R. H. FoQit, H, C Day ■ndB.V UcColkim, 'Hjatolocnl itodke 
of rvu on low pfaeapbonM <Dtt (bid. 20 fjo. 

O H. BtQ. D P CtabberttoD, nl } Oir *8trcnftli «ad ebt of baw Id rcutioo to 
ii^n totike y PSydrf 1^®* +i » ■ • . ^ . , 

8. B. Wothich aid O A. Bmey "IteM ctu ptw Id rkandn d rfWiawrt a PttyM, 
JieP 72 tS4S. 



lOI 


NXJTRinONAL FACTORS IN BONE GROmU 
calcfum phoeph»te for purpotea of ossification depend* on the maintenance 
of the correct relation between these two 
Vitamin C, as already noted (p 38), play* an important role m stnnulat 
Ing the production of collagenou* oasue from fibroblast*. For this rea*on 
It I* also concerned m the dcvelopn^nt and repair of bony tissue, tmcc 
these processes mvolvc the provttion of a fibrous ground substance m 
relation to which calcification occuia. It has been repeatedly shown that 
the of fractures is delayed m animal* suffering from rnfld scurvy u 

the result of a vitsinm C decency It ha* also been snggeated that by 
stimulating the activity of osteoblasts, or by influcnang ^ phosphatase 
system, the vitamin may be directly ctmeenK^ with the procesa of calafici 
non of bone.' 

The influence of vitamm A on bone g r owth hai been expenmentaHy 
demonstrated m recent yean by McDanby * A defiaency of this vrtatrun 
In the diet of gr nwm g animali leads to cunoua abnoniailitie* of sktietal 
growth *0 that the bones become thickened and coarse m appearance 
This is psrtly due to the laying down of superfluous bone m certain region* 
(as the result of excessive otteoblasnc activity) but m the mam it arrmt 
to be the result of an interference with the remodelling p r o cess which 
norroslly occur* during ossificanon (see p 80) Thus, for example, while 
the vertjrf)r*e grow acttvcJy by accretion on their outer surface, there ts a 
diffluuihed absorptioii of the bone lining the vertebral canal, so that the 
latter become* relatively narrowed a* growth proceed*. Similarly retarded 
abaorption of the intracnrual aspect ^ the expanding akull leads to a grots 
thickening of the skuU bone* with a conespondir^ reatnction m the volume 
of the mtracramal cavity The growing bram may thus become exposed to 
such abnormal pressure that many of its nerve cell* and fibres undergo de- 
generation- New subperiosteal bone (apparently normal m structure)!! also 
deposited at the margins of foramina for the passage of some of the cranial 
nerves and u a rc^t, the latter become compressed and distorted and 
undergo ertensrre degeneranon- Involvement m this way of the auditory 
nerve lead* to deafh^ Histological examination of the affected tissue 
shows a relative scaraty of osteoclasts m those regions where the normal 
process of bone absorptum u mtemipted, while an excessive number of 
osteoblasts are found in the areas of superfluous bone fonninoa. It is thus 
mferred that, m some manner vitamni A controla the activity distribution, 
end co-ordmstton of the osteoblasts and osteoclasts. 


14 THE HORMONAL CONTROL OF BONE GRO\VTH 

Apart from dietetic factors, the normal gr o w th and maintenance of the 
skeleton depend on influences exerted by the secretions of certain of the 
mdoerme glands of the body (seep 257) It ha* already been made dear 
that, among iti other functiems, skeletal tmue provides a reserve of calcium 

I «pdrof fajjared lim*, TfuL^aat t ij.« 
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which ctn be dnwn upon as needed for n^etibolic reqmrementi claewberc. 
The parathyroid glands are known to play an extremely Important part in 
the cakram metaboham of the body by the claboritioo of a Bpwific bormotio 
which 11 able m some manner to mobtlixe the calcium in the tmuei and 
lead to iti concenliatian m the blood. Hypexplaitic tumxmra of the para- 
thyroid gland are for this r eas on aaaoaatea with a wldeapread dif Ir 4 fk« 
don of bone cautmg a pathological rarefacdon (osteitis fibroaa) It has been 
shown by Burrows* that the injection of parathyroid extract in rats produces 
the tame condition. As the resolt of such an experiment, the cancelloas 
bone m the limb skeleton underpjea extensive reaoiptioo m tw e nty four 
hourt, and is replaced by fibrous ttscue. The osteoblasts show degenerative 
changes, becoming canverted into a syncytium of ■puidle-«hj^>ed cells 
somewhat resembling mesenchyme, and the osteodaats (at least in the later 
ttagea of bone abaoi^on) aatume great activity It is unqertam by what 
mechamsm the parathyroid gknda produce this result. PoKibly they 
influence directly the cellular activity of the osteoclasts. Bnirowi inclines 
to the opinion tl^ the banc process u rather of a general metabolic nature. 
There a evidence to show tw hyperparathyTmdlsm leads to an inoctacd 
aadity of the blood, and, u a result of it Is supposed that sThline 
subftancei are withdrawn from the bone. On this intsrpretatioo, h is 
a ss umed that the osteoclasts plsy a accondaiy role in prodocang the bony 
rar t f action. 

In the lnnb bonea, storage of calcairm is mainlv the function of the 
csncelkms tissue in the meti^yaea, and as a nonnaj phynological ptocua 
the elemen t u probably liberated £rtnn tune to dma by the resorption of 
small quantities of the tissue through the mediaticin of the parathyroid 
hormone. As In the abnormal conditian of Lypcpaiatiiy r ol dam, the 
mode of action of tbe hormane m this nonnal proctaa of calcium with- 
drawal is sdn m some doubt. The more general view seems to be 
t^sr it influences the calaum content of bone secondarily by increasing 
the unntry excretion of phosphste and so lowering tbe plasma phosphate 
level. 

The Toflomce of tbyroid-glaDd secretion on skeletal gr o wt h is demon- 
strated by the effects of thyroidectamy m nnmstnre animals- Todd and 
others^ have shown thit, following such an oper ati on in the sheep there Is 
defective growth m length of the shafts of the long bones. This is the result 
of diAuihances V)ca!izcd m tiie region of the epiphy^ and die dlaphyaio- 
epiphyiial junction, which lead to a slowing up of the velocity of growth. 
At the same Hm^ the duration of growth b not extended — hence the limbs 
remain proportHmately abort. In the akuli, the growth of the msTflla U 
consdeably inhibited, whDe tbe mandible is relatively unaffected Suture 
closure does not occar after tbyroidectoiny There b no evidence that tbe 
influence of thyroidectomy oo tbe growth of the skeleton u due to a spcafic 
hormonal effect — h u pnWiIy the result of tbe general decrease m meta 
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bolK nte which follow* thn opoMioii, ot powlbly of i dlttuibincc m the 
iTOcigutic *cnott which u belWd to occur between the thyroid tnd the 
mtenot lobe of the pitoittry gUnd. The mfluence of the thyroid ghmd on 
general metabolism perbap* account* also for the fact that hyperthynndisin 
lead* to an mcreaaed excretion of caldiim and phosphate^ with a cone- 
fcpondaig rarcfactioti of bony tueue. 

Thettdetil tifleuc* »rt krroWtd m tbt gtneial ovtt-gro%Tth of the body 
which occur* m cxcestivo pituitary activity — a condition known as acro- 
roegaty It IS doubtful, however whether the pituitary gland seemea any 
apcdtic bonnone directly related to osaification, though there is a ttndent^ 
in for certain bones to be iiMire affected than others, e.^ the 

mandible and the atfcmities of the Umha. The bony change* are simply 
par t of the general effect of the growth-promoting hormone which rt is 
now generally agreed, is elabora^ by the antenor lobe of the pituitary 
gland. In deatruction of the antenor lobe the growth activity 

at the epiphytes i* very markedly inhibited. The epiphysial cartila« 
undergoes degenerative changes, the cells die and the va*ailanty u greatly 
decreased, Coaversely m cjcpcnmcntal hypcrpituitansm, the cartiUge is 
stimulated to cxccative growth and its edit proliferate more rapidly t 
In so as the Intex^ secretioni of the sex glands mffuence grow t h 
processes m general, these will also cKrt some control over the growth of 
bone.* This action, again, u not apccihc except m the case m skeletal 
formations which are definitely secondsiy sexual chsrajXeTS. For instance, 
the growth of the bony antlers ui male deer U conditioned by the secretion 
of male hormone, and the latter also has a durct effea on the development 
of die os perns in those mammalian speaes m whidb this bone U pre sen t 
In such cases, it ts to be supposed that the osteogenetic tissues are tpeofi 
caBysensitizedtothemfluenceoftbehormonc. A remarkable series of bone 
changes has been observed in birds m relation to the egg laying cycle, 
thinng the maturatioti of the ovum, there is develop^ an extensive 
secondary system of bone m the mar row space* of the kmg bones, mlled 
medullary Done Thu allows for the storige of the calanm needed later 
for the egg shell When the latter u bemg formed, there u a phase of rapid 
destruction of the roeduUjuy bone, m tiw course of which the cilaum i* 
libeiated. These changes, which are corrdated with a cychc activity of 
osteoblasts and o*teocl»ta,* can be mduced in sexually immature bird* by 
the administration of female hornKmc (oe s troge n ) It is mteresting to note 
that the tame change* can be mduced m the male bud bv an appropriate 
nniture of sex hormones. 

Remonl of the testicle* dunng die gro w mg period m man has the 
somewhat unexpected result of leading to an overgro^ of the skeleton.^ 
O-wt. ^ ** funcrioM of th« ptautuj mcl tbyrAl ghndi 
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which can bo drawn upon u needed for njctaboUc rcquirciDcnt* daewhere. 
The parathyroid glinda are known to play an extraaely important part in 
the cakhim metaboham of the body by the eliboratKra of a specific bonnooe 
which is able in aome manner to mofaihzo the caldmn m the tivnes and 
lead to iti concentration in the blood. Hyperplastic tumotin of the para- 
thyroid gland are for this reason aatociated wrth a widespread dccalofica 
tlM of b^e ctoaing a pctholomcal rareiaction (osteitu fibroaa). It has been 
shown by Bmrowa* that the iry eetkm of parathyroid extract in rats produces 
the tame condition. As the result of such an expenment, the cancellous 
bone in the limb skeleton undergoes extenaxTc resorption In twenty four 
hemra, and is replaced by fibrous tusoe. The oateobkirts ihow degenerative 
changes, becoming converted Into a syncytnrm of spindle-shaped cells 
somewhat resembmig nKsenchymOt and the osteoclasts (at in the liter 
stages of bone obsorptiaQ) assume great aenvity It Is uncertain by what 
mixhanitm the parathyrdd glands prodnee this result. Possibly they 
influence directly the cellnlar a c U viy of the osteoebsts. Barrows inclines 
to the opinion tl^ the baucprocess ts rather of s general metabohe nature. 
There ii endeoce to show tw byperparathyTOidum leads to an increased 
aadity of the blood, and, as a result of thb, it u supposed tbst alkaline 
■ubstincei are withdrawn from the bone. On this interp r et ati oo, it is 
asaomed that the osteodarts play a secondary role m prodnemg the bony 
r arefac tion 

In the limb bonea, storage of calamn is mainly the fonction of the 
cancellous Ossoe m the niets^ys es, and as a noanal phyaMogical pr oce sa 
the element is probably Hben^ from time to tmm by the reurption of 
pitII quantities of the tissue thioo^ the mediation of the parsthyroid 
hormone. As in the aboocmsl conditMm of hyperpar athyroi dism, the 
mode of action of the bormooe m this normal proc es s of cilchnn with- 
drawal is still in some doubt. The more general view to be 

that It influences the calcium content of bone secondarily by increasing 
the onotry excretioa of phosphsta and so lower i ng the phosphate 

IctcL 

'ITio inftiicnpe of thyroid -gitnd secretion on skeletal g ro wt h is denum- 
•tiated by the effects of thyroidectoiny m hnmAture arirTruk- Todd tud 
others* hm shown that, fbUcrwiiw such an operatioo m the sheep there u 
defcctire growth in length of the shafts of the long bones. Thu a the result 
of disturiunces localised in the region of the epipbyau and the diaphyalo- 
epiphyaud juncUon, which lead to a slowing up of the velocity of growth. 
At the same time the doratian of growth is not extended — hence tli lnnbs 
remain proportionately short. In the skull, the growth of the rnmlk is 
consideiably inhibhed, while the mandible is rdsuvely unaffected. Suture 
closure docs not occur after thyroldectoeny There is no evidence that the 
inflooice of thyroidectomy on the growth of the skeleton is due to a specific 
hormonal effd3 — »t a pniably the result of the general deeresse In meta- 
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THE VASCULAR AND NERVE SUPPLY OF BONE X05 

It »tnglit angle*. A* the shaft extend* In length away from the growing end 

the artery la earned with it, »o that it* entrance b^me* more and more 
oblique m a dir^on towa^ the oppotite extremity of the bone- Meet 
of the long bone* have but one nutneat foramen Some, tucb a* the 
femur and the davicle, conatantly have two 

Fine medullated and non methiUated nerve fibre* enter the bone with 
the blood vcaacls, and can be followed uhimalely into the Hsvcrtian canal*. 
There is tome doubt as to how frr these nerrea are related to the blood 
Teasel* rather than to the bone Itself Tbc penotteum and bony ti**oe are 
known by obtenration to be extremely acnaitivc to painful itimuli which 
certainly suggest* a lensoty innervation. F de Castro ha* described nerve 
fibre* m de^opiM bone entering the tone of Gasification with the irrupting 
blood Tc*»da.i ’Hieae fibre* give off fine terminal branchca, some of 
which end m direct contact with o*teobhtttic cell*. It appeara that many 
of the nerve fibre* undergo degeneration ai the bone mature*. However 
Hurrdl has deroonatrited (with the use of a special silver technique) that 
adult bony tusue still contain* quite a number of nerve fibres.* They can 
be traced into and along Haveman canab, and while tome end bhndly in 
the bone matrix, otiieri terminate in close relaticpn to bone ctBs. 

Of the nerve fibres which reach the bone marrow mo«t arc concerned 
with the mnervation of blood vessels, but it n possible that some establish 
a terminal relcuon with the marrow cell* 

It u widely held that bones are supplied by *trophic nerves through 
which spinal centres m some way direct control thm nutxitioa. This is 
beheved to be the expUnation of the marked bony atrophy which occur* 
in certam diseases («^ as tibes dorsah* and leprosy) m whidi the pen 
pbcral nerve* sre affected by a degen e r ati ve process It 1* probable, bow 
ever thst other fretom are mvoired m these conditum*. Howell* has 
shown cxpemnentally that a completely denerrated bone doe* mdeed show 
evidence of stropbj sudi a* s diminution m the diameter of the shaft, and 
a de fi ci en t development of mu*cnlar ndges and eminffnrri Similar 
changes however hare been recorded by Tower* m aoirrxlw m which the 
motor and sympathetic umemtion of s limb wa* left mtact, while the 
muiculature wa* rendered inactive and otomc by cuttmg the appropriate 
posterior root* of the spmal nerves, and isolating corresponding 
segment of the spinal cord. It appears, therefore, that the atrophic bony 
changes m these eaqjcnmcnts arc aunply the result of muscular psralym. 


F 4k C«*tn» T«i«i<rut poor h cokamtka do lyctSou) titmux mand fl e$t pourro 
do •** tob oowi’^TVek L* /iwtc btpL Utdc Madrid, 23 ipai 
D J HarrdL Tho DCTT* wpply of ben* Jiiint. 72 jpjr 

J A. Howell, ‘An experimental nndr of the ofleet of ttia 
(BOS' Amt. A(e U to 7 

fl fl oTVi-^u r...... — TO ri — n ii l-T ^ m i T inj i iwem fmn 

•TTtiot on bone aiul joino Ami. JUe 75 93^ 



104 BONE 

Thk Kcnn to be due to the kct thit tbe obbteratioQ of the cpiphTtul 
cartiligc at tbe end* of tbe long bones, which normilly occur* *t foD 
mitunty k rctardcA Coosequentty epiphjiitl growth continue* beyond 
it* usotl period Thl* account* for the chancteriftically large uie of 
eunuchs.' 


16 THE VASCULAR AND NERVE SIRTLY OF BONE 


Bone u wcH aopplied with blood Ttaaela whfch ramify freely m the 
perkcteum. Fide brtochet from thl* periosteal network penetrate the 
underlying booe m small canal* (•oroe um e* termed VoDamatn s 
and from the latter they are dlstrOnited to the « y«tem of H a r eraian ptmI*, 
It ha* already been mentioned that a bony surface denuded of it* vascular 
periosteal cov er ing may undergo necmak. Impairment of the drculatun 
by interr upti on ot some of the tcsscIs of suppjy s* the result of injury or 
fracture may ako lead to necrosis, and m the hi^Hrtg of fractures bony 
umon may be delayed. For thk rcaaon it k of great practical importance 
that the inode of vascularkadon of bones should do well understood by the 
orthopaedic surgeon. 

The e atr e m lda of the shafts of tbe hmb booes, Le. tbe metaphysea, irtf 
psjticaUriy rich in blood vessek. They are dcriv^ from the pcriarticaUr 
artenal plena whldi k found at the capsular attachment of aU joints, and 
enter the bone by numerous and often arrl^ large foramlia. Accordnu to 
Ham** these metspinval vessek are vfrtniQy end arteries with little 
anastomosu between the tncffl bmcbea. In the immature bone, also, there 
k no anastomosk with the vessek in tbe epiphyik. In other wonls, the epi- 
phytal plate of cartilcge forms s complete barrier b et we en the two vascoW 
temtorie*.* 

Tbe medullary canal of the kmg bone* a malnfr supplied by one or two 
conspicooia vessek which enter tbe of tbe shaft ^ what are 

commonly called mitnent foramiia In tbe nwtulla, the vessek dmde 
and course towards either extremity in a sene* of leash-llke branches. 
Tbeir tenninil branches communicats freely whh the blood v eaek in 
the Haveraian canals, and thus siso take some part In the vascokrixatioc 
of the bony tksue. Tbe nutrient foramen and canal of the shaft of a long 
bone are ahrays directed obUquely away from the grow in g end of tbe bone, 
Le. m the upper limb towards the elbow and m t^ lower Bmb away frean 
the knee. obliquiy k a necesaary caDScquence of the mode of powth 
in length of the bone. To begin with, the nutnent artery ^ which u a branch 
of a main artery in tbe naghboerhood, mna directly Inm the shaft, entering 
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imtuUed by the kind of -woilc -which the mn»cle fibre# tre called on to 
perfonn.* Thu conception, howerer ii negatived by the atndy of t^ 
diffcrentiition of the several type# of muaclc m tiasue culture# where the 
cell* arc entirely rcnKjved from their normtl environment m the embryo 
Musculature u pnmirily deagned-for mobflity Somatic mnacle# »crve 
to adapt the organim to it# crtemal environment. Viaccral miudea tdjiut 
tltt internal environment by providing motive power \n the proccsse# of 
digcation, orculition, secretion, excretion, dec. The very ability to produce 
movement, however nnphe* the necessity of bong able to rettrain it 
It u important to retloCi therefore, that muscle# arc also easentul for the 
Inmtition of movement Some of the •kclctal miuclc* are primarily con 
cemed with mamUming the «tabihty of jomt* by controUmg and limiting 
nnnrml movcmentB and p r eventing undeorable movement#, Smulariy the 
fphinctcr# of vuceraLmtttcuiature m the alimentary canal #erve the purpose 
of temporarily stopping the flow of its contents. 

Somatic muscle* id warm blooded arumils play a mo#t important role 
m beat production. Even when they are not producing active movements 
they may be mamtained m a state of partial contraction, and thu irophe* 
a conttnuou* metabolic activity (whi^ of course, i# gr eat ly increa#cd m 
muscular exercae) associated with a procca# of oxidation anti the liberation 
of heat When the ten^xnatuxe of the body falls below a normal level, an 
attempt u made to generate more beat by the rapid muscular contracriotis 
which we know as ahlvenng’ 


1 THE STRUCTURE OF SOMATIC MUSCLE 


Somatic muscle is composed of individual and separate cyhndncal fibre* 
bound together m a matrix of cellular ti*#ue. They vary m width from 
10 p to loo /i, in length from i mm, up to ^ gen er al) about 5 cm. In some 
of the longer muscle* m the human b^y (e g sartonua) the fibre# -are said 
to readi a length of 15 cm. or more. Indeed, Uxihart and Brandt* isolated 
one fibre 34 cm, long and even that was broken at its ends. Unlike c*rduc 
muscle fibre#, those of skeletal muscle do not ordinarily branch. Branching 
has, however been observed in the muscle# of tlie tongue close to tendmou# 
attachment*, particularly m animal# with very mobile tongue#. 

TTie surface of e#ch muscle fibre » covc^ by an extremely tenuous 
membrane, the tarcoUmwiA, which forms e resistant ibeath cnckaing the 
protopltamic content*. The faa that the content* can sometime* be 
to be rcttacted from the sarcolemma in mjured muscle fibre# suggests that 
the latter » extraneous m orjgm^robsbly derived from the cellular tissue 
matrix m which the fibre* he. When a mu#do fibre contract*, it become* 
shorter and broader its total volume remaining practictlly unchanged. 

Each fibre u muhmucleited, and may thu* be regarded as aTsyn^um, 
The matnxe fibre, hovfcvtt forms a •tructoral unit wifii no other^diaition 





MUSCLE 


T he property of contnetiirty whldi is common to iH formi of proto- 
plitm, it developed to t highly ipecolized drg ri^ by the of the 
muscular tissnea. In the ttmplw types of multicellnltr organisms t hese 
tissues are not fuEy difiTerendsted, and in many coelenteratea, such as the 
Hjdra, movements are effected hy processes of the supcifidtl cpitbeliil 
cells (winch are therefore termed nrosculo-epitfaellal cells’) In higher 
forms, separate and spedffc mnccle cells are differentiated to provide a 
more effiaent mediamtm for producing movenientB under nervous co n tro l. 

In vertebrutes there are tnree well^efined types of muscle, visceral, 
somatic, and cardiac. ‘Visceral or qilanchnlc miade is structnrBlly the 
^aunplest type of contractile tissue. It responds slowly to a sdmnlas and is 
capable of rustalaed contraction. Somatic or skeletal muscle a much more 
highly differentiated and contracti vnth great rapidhy but becomes more 
esj^y fatigued. Somatic musculature U Innervated by the cerebrospinal 
system of nerves and, bang (at least, m man) under the dominance of the 
highest foncdoosl IcveU ^ the central nervous system m the cerebral 
cortex, is commanly referred to aa voluntary muscaktore. ‘Vtscenl 
miMclff, on the other hand, Is invohmtary ance it is innemtted by the 
autonocnic nervoua system and b not undv the direct coctrol of the wilL 
It preserves the abOi^ to contract automstlcsDy sponlsneouily and often 
rhythmicany even without the atanulua of a nervous impulse. It b, there- 
fore, leas d men dent on nervous control than tomsbe musde, the latter 
bang campktely dependent for its activity in the living body on the 
mhialivo oi the central nervous ^Trtcm. 

The Hffdgnatinn* of ‘voluntary’ and ‘InvohmlaTy’ are not ahogetber 
ntbfsctory The muscles of the phtryuz and upper part of the oesophi 
guB, for resem ble somatic muscles in their structure, but they 

are not v doulaii ly controlled in the stnet sense. Ihe ciliary muscle of the 
eye, whereby the curvature the lens b changed for focusing at vinous 
11 composed of visoqral muscnbtnre, out it is Baanetmies spoken 
of as a vohmttry muscle smce the focus of the eyes can be changed by an 
effort of wilL 

Cardtac musde, m many of ha structural features, is intennediste 
between somatic ■nd nsceral muscle. It b tpedtllxed to tuhserre the 
sutomstic rhythmic amtiactility of the heart as a whole. 

Developmentally almoet all muscles are derived from mesodermal tasue 
m the embryo Exceptions to thb rule are found m the Tnuscles of the ms 
m the eye, and the smooth musde of the sweat gbnds, which are ap p ar oitly 
di*! irwl fr om ectod erm . 

The structural distinctian between visceral and somatic muscle in 
vertebrates tr**™ to be quite definite, but it has beoi sn gg e ated that these 
moapbologkal differences are bigely due to the mechani ca l stimuli 
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umoplasm and they arc re*poniible for the famt longitudioal atnatiotta 
whim may be teen in the muide fibre. Obtcrvationi on Imng routcle 
auggcit that in nonnil fibrea the crost-atnated aubrtance of the myofibriU 
and ako the aarcoplasm arc m the form of a gel, but that, as the result of 
untition or injury the aarcoplaam may chanw to a sol atate.* 

Dunng embryological dev^opment, the fibnli are first formed at the 
surface of the fibre and thit penpberml position u still maintained in the 
primitive musculature of mvertebrates. In mammals, they normally extend 
throughout the thickness of the fibre, sometimes coQe^ed into bundles 
vvhich m cro8^*8cction appear as polygonal areas {Coknhetm s areas) 
separated by clear zones of sarcoplas^ 



Fta 4 ^ Mkroobotofrtph of ctrkted muada fibrai £rwi tbc toesm at an mt ^iu Tbe 
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It has been generally assumed that the myofibrils are the essential con 
tractile elements of the muscle fibres. They have been observed to change 
their appearance dutinc contraction and to contract when isolated from 
the sarcoplasm, and they become progres si vely differentiated in thar 
anatomical features in correlation with increasing functional cffiaency 
The differcntiatioa of alternating dark and light segments reaches its sane 
m the wing muscles of insects m which it is possible for contractions to 
occur at tii almost incredible rate of 300 pci second. Insect muscle pro- 
vided the material for the cliaslc study of Sharpey Schlfer on the easentisl 
anit(imical structure of itnited musde.* 

In view of the fundamental part which myofibrils arc beheved to play m 
the mec h ani sm of muscle contraction, it u necessary to consider their 
structure m some detaiL Eadi fibril as already noted, is made up of 
alternating light and dark portions. The former are only shgbtly bire- 
fnngent, and are called mrfroptc duct (or I dxtes) Tbe HiA poTtwns are 
strongly bircfrmgcnt and are therefore termed amsairoptc (A abci) 
Cutting across the isotropic due » a thm dark hne which was beheved at 
one tune by histologists to mark the position of a membrane (Krause s 
p* f Urine rmadM Ajmtr AmO. 65 jon 
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of a compodtc cellular origin. The nucJa are rituated at the lurfaco 
immedratdy under tbe tircolemmal abeath and are surrounded by a zone 
of granular protoplasm, and there may be as many as several hundred m 
one single fibre. PnmltiTely and m tbe embryo the nuclei occupy a 
position in the middle of the fibre *bU is oflen tbe case in the muadea of 
lower vertebrates. It may be supposed that they tend here to interrupt the 
contmuity of the contractile mccbaniam of tbe muscle fibre, and that, wnh 
increasing functional rffkaency they become pushed to one tide. Even in 
mammals, some fibres trill retain their nuclei In a more central posirion. 



The charactenstic feature of a aomatic muscle fibre U iti tntntreraely 
striated appearance, and rt la for this reason that tomatic muscle is syno- 
nymously termed stnaied or ttnped mnsde. In fresh or ^ikI atamed 
Uwe, these transverse stnae are very evident as a series of sltemsting 
light and dark bands extending thrmgb the whole tbHrifncss of tbe fibre 
(Fig 43). 'Ibeir precise nature IS still m dispute. If a muscle fibre is teased 
after treatment with a corrosive {vada as chromic add), it can be split up 
into bundles of longitudinally disposed fibnhae, or w^pfibrib {imxostyltt) 
Even m ordmaiy a ec tiocs stained with hsemataxylin and eosln 
these &rils may be vitihle as separste elements. Each of the fibifii, which 
are i ^ or even lesa m tlndmeaa, abows alternating dark and light sectioTts, 
and it appeara that tbe tran s vrr sd y atiiate d appe aran ce of the whole 
muscle fibre u the result of the &ct that the d^ and light s ect i on s of 
all the component fibrila lie in approximately the same transrcTse plane 
^Fig 45) myofibrQs are bdd together in a clear matrix which is called 
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sarcopiasm tnd they tre responsible for the faint longitudinal stnationa 
whim may be seen m the muscle 6brc. Observations on livmg muscle 
suggest that m normal fibres the crcss-stnatcd substance of the myofibrils 
tnd also the sarcoplasm are m the form of a gel, but that, as the result of 
imtabon or mjury the sarcoplasm may chan^ to a sol state.’ 

During embryological development, the fibrils are first formed at the 
surftce of the fibre and this peripheral position a still mimtained m the 
primitive musculature of mvertdinitei. In mammals, they normally extend 
throughout the thickness of the fibre, sometimes collected into bundles 
which m cross-section appear as polygonal areas (Cofmhnm s artas) 
separated by dear zones ot sarcoplasnL 



It has been generally assumed that the myofibrili arc the essential con 
tia^e elements of the musde fibres. They have been observed to change 
|h^ appearance during contraction and to contract when isolated from 
the aarcopUam, and they become progressrvely diflferentiated m their 
J^tomial features m correl ati o n with increasing functional cffiacncy 
The differentiation of altcmitm^ dark and light segments reaches rts seme 
in the wmg mii sdes of insects m which it is pos^le for contractions to 
occm « the a lmost incredible rate of 300 per second. Insect musde pro- 
vicW the material for the clastic study of Sharpey Bchlfer on the essential 
■natomictl structure of striated musde.* 

In new of the fundamental part which mTOfibnli are believed to pl^ m 
^ mechanism of musde contraction, it is necessary to consider their 
•jructijm m some detafi. E ach fibril, as already noted, is made up of 
*ucmiting l^ht and dark portions The former are only slightly hire 
and arc called tsotropu; Asa (or I dtsay. The dark portions arc 
btrcfnngent and are therefore termed atasoiropu dtsa (A dira) 
nru« tr^ ^ isotropic disc IS a thm dark Une which was beheved at 
by histolognta to mark the position of a membrane (Krause t 
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ntwthrwui) Bcpanting the length of the fibril into a aenea of partially laolated 
tegmenta or ta/ctmures and in the middle of the tmaotropic lonc, a rtitn 
clear band la a om e tim ea teen— ffawn’a knt (Fig 46), 

Theonea r^arding the mechaniam und^jiig the cnctnction of a 
myofibril inevitably note the problem trhether ^&e trinaverae atriationa 
betoken a real atractural and ^emical differen tia tion, or whether they are 
o^cal effecti da>endent on tranaltoiy changea m this phyaical properdea 
of a comparatively homogeneoua memum* ^e obteratfonfl of the older 
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hlatologicta, the appearance of mynfibrila winch develop aa tod 

peripherally aituat^ mtracelhilar atranHa, anj the differential auining 
propertiea of the light and dark banda, do tog geat very ■trongiy thit they 
have a more or leaa fixed atroctaral baau, but obaervatioca on Uving nmacle 
fibres have thrown iome doubt on tint concsmtion. It has been shown that 
if a muscle fibre u preaaed agamst a bjer of soft coUodKm, the transverse 
stnationi arc reproduced on the Impnnt, and it is argued from this obsem 
tion that they are entircb dne to me refiacbon of regular vancoMtws and 
not to real structural enffereedadon within the fibrils, ffowercr this 
explanation is by no moans adequate, for it is certam that If a fibril la 
stretched to its utmost so that aD suifua irregularities disappear the 
thematmg light and dark ztoies can still bo sccd mstologicslly 

Both Krause s membrane and Hensen s Ime have bom mterpreted as 
doe to an intcrferoice effect at the junction of aone# of diff erent refiactfle 
properdea. On the other hand, h baa also been sffitmed that Krause s 
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mcmbrific nm* m cootmmty from one fibnl to another acrots the mter 
Yenmg aftrcopUim, to that it ultanatcty extendt throughont the -whole 
of the entire fibre, dmdmg it into a tenet of flat duct . An old 
obtervatiDn made by Kflhne fifty year* ago it tpposrte to thi* point He 
happened to find a minute livmg paratrte— a nema t ode worm--iniidc a 
freth mutdc fibre, and he wa* able to tee that it could move quite freely 
up and down the fibre without permanently mterfcnng m any way with 
the appearance of the crott-ttriationt. This would ha^y be possible if 
there arc real ttmctural membranes cottmg tcrott the mutde fibre. 

Careyt has claimed from hit mvotigationt on insect muscle that the 
contentt of a muscle fibre are far mote homogeneous and fluid and lest 
organized than the descriptions of mott histologists suggest to be the case. 
In fibre is permeated by a ayitcm of fine branching air canah 

cuh — extomons of the tracheal tubules by which twue respiration is 
mamtamed m these forma, and m Imng muscle fibre* this network of 
mtracellular tubules esn be observed to thift up and down over an extent 
of tercral crotsHtnation* with each contnction. Tha stems to prove quite 
definitely that the crost-ttrutiont arc m no sente rigid membranous parti 
tiont, TTie question of the vahdity of the tsreomere, as a morphological 
unit, has also been raised by the atatement that the number of cross 
atnationt in a mutcle fibre vary with temperature.* This atatement, 
however bat been vi go ro u tly controverted.* 

In tissue>cultore e xperi menU with embryonic mu*de h his been ob> 
served that the cells become contractile before they acqiuie their crots- 
■tnations,'* indicating that the latter do not provide an essential buu for 
contractility m genoraL On the other hand, h has been established that 
tbttr devdopment is related to the degree of contnctile power It has also 
been toggeited that myofibriUae are fbtaUon artefrjas dependent on the 
peculiar manner m whi<i the contractfle cytoplasm coagulates. However 
It has been demonstrated* that myofibnUac with crott-stnations can be seen 
in cardiac muscle cdU in Imng cultures and have the appearance as 
m fixed and stained tistue, and they have alio been observed under certain 
conditions in muscle fibres m the translucent oasues of bving mrertebrates.® 
Nevert helras, it teems probable that the sharply defined myofibriBae often 
teen in ttsmed preparation* of ttnated tmiide may be produced by the 
dumping together (under the mftuence of fixatives) of eitrancly fine sub 
microscopic fibrils of molecular duncniions. 

This bnef ditcosiion suggests that Imle is yet known of the banc 
ttructuro of stnsted muscle fibre* and its relation to contractile phenomena. 
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In recent howerer i consldefable amotint of mfomtction hn tccroed 
from tbe investigstioo of the crott-atiiftioai b 3 r rnMni of polcnxed ligbt 
and X ny diSraction methods. 'This has led to the ccocksIoQ that the 
mechanism of contraction depends ultimately on tbe biophysical properties 
of the muscle protein, myoam, ^thicb is the main constituent of myonbrfls.' 
TTie fact that tbe degree of blre&mgence of muscle b directly correbted 
with Its co ntra ctile power indicates tb^ tbe latter depends on tbe molecular 
pattern of tbs myoem subatratom. Tbe myo6briI is essentially composed 
of cfaam like molecules of myoain, probably aggregated into the sub- 
miCTOscopical particlea known aa miceCae. In tbe stron^y birefnnnnt 
A discs, these chshts are spaced out in straight parallel l o n natlon tKxig 
tbe rnt of the fibril while m tbe I discs they are (mgularly folded at an 
angle to tbe axis, forming t more conc entrat e myoam geL According to 
Bernal, contraction can ^ explained entirely in terms of a rapidly rerer 
sible folding of the mvoam cnains, which apparendy ta limited to tbe 
discs. Exaneiatkm with polsrbed light sh<^ that m the contracdoo of 
a fibril fwbether isotomc or Isometric) the whole co ntra ction takes p lac e 
m tbe ja regton, while tbe / rwm actually appears to increase in length. 
Thb seems to be due to the r^t that tbe stiaigbt parallel chains m the 
A region become more concentrated and abortmed by folding and thus 
temporsHly assume tbe molecular configuradoD fnmd m tbe / region. 
Berw also tupposea that tbe contiacdaDTs esaen dally a p r o ces s of protein 
dehvdratian, mTohuig t dnmmrtian m the volome m tlw fibril hs^ and 
an Increase in the e fea tre yolume of tbe surrounding sarcoplaim, knd 
this tgam depends on rapid Kmic changes in tbe nrcoplssm produced 
by tbe dectncal effects m nerve tnnul^ m. Lastly it is pomted out 
t^t tbe stristions provide s mechsmsm -whereby s relstiTely small change 
m tbe phyncil state of a musde fibre can cause a relatrrefy large change 
in Its length. 

The older histologista attempted to explam the mechanism of the con- 
trsction of a stnsb^ muscle nbre ou t^ bas» of rhmical differences 
b e tw een tbe A and I discs, or by tbe pasatge of material from one disc to 
tbe other through minute pores. It is now endent both tbe discB 
constat essen tials of mprosm, but in a different physical state, and it b thb 
which accounts ror their di ffer ent reactioDs to gh#!mip«l reagents and tfaerr 
different stsming properties. In sommarr the contractioa of s musde 
fibre b ulumat^ the result of non fra mens of the indmdosl myoim 
molecules. 

Red and white mttacle For manv ^eart it has btoi itcognixed that 
striated muscle fibres can be divided mto two knhb, red and white. 
There are, however transrtiocLsl forma between then two types. 
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In red muiclo fibres the myofibrili seem to be less numerous, the cross- 
itrrsBons are less regular and there ts a greater amount of intersnt^ 
aartadasm. The latter is more granular and this somewhat obscures the 

crots-attiahona. Moreover the nuclei are not atnctly confined to a hypo- 

lemmil poBtion but tcitd to bc Scattered in the substance of the fibres. 
In general, therefore they are rather more pmnitiTe m structure than 
whne fibres. Then red colour n due to a pigment called muscle haemo- 
globin or myoglobm (similar to but not identical wrtb the haemoglobm 
of blood) 

Red tore* predominate m muiclc* wbich are rtqmrcd to contract orcr 
long pcnodi of time. They contract more alowly than white fibre*, and su*- 
f in tbor contraction for a longer duration. Thu tn^ be an explanation of 
the greater proportion of tarcoplatm m each tore fwbich u believed to 
be a nutrient for the myofibrils) and of the ncher vwculanty 

of rousdes m which red fibres predominate. The muicle haemoglobin 
e x trac t* oxyg e n from the blood hacmo^obln and paaaea it on to the exm 
tractile elemttta of the moade fibre. In other words it provides for the 
storage of oxyg e n winch can be drawn upon m sustained contraction. 

In most mamTwak, mrlndtng man, bom red and white fibre* arc always 
intermingled m any single moaclc, the latter predominating m muscta 
required for rapid movement. In roan, the deep componcnti of the 
extensor musculacure of the Umbs fitquently show a predotmnance of 
red tores, in assocunon with the fiict th^ they are concerned rather with 
tto postural fixation ofjomta than with active movemenl. In some animals, 
mdividual rousdes may i>e found to be composed almost entirely of one or 
other type of fibre. ^ the rtbbtt, for example, the semi membranosua 
mtzscle u made up of white fibres, tod the i^eus of red fibres. Physio- 
logical studies ha:^ shown that the mechanism of contraction of the red 
and white fibre* u fundaroentalty the same, the type of response to stimula 
tion being different m de gr e e only 

The or^anlxatlon of muscle fibres In muscles In short musde* 
mdividosl tores rosy extend without interruption from one attachment to 
the other but m mi^es with long fasacuh the fibre* predominantly have 
m trafasct cu li r termination*— ending in tapenng extreinitiea.» Very rarely 
in tn a mm a U a direct anastomosi* may be lound between adjacent musde- 
fibrea, though thia ts quite commonly seen m the itnatcd muscle of m 
vertebrates. Each tore ha* (outside the sarcokmiaa) a delicate sheath of 
fine connectrve tissue which is termed endtmyman^ end the individual 
fibre* are collected mto bundle* or fasacuh enshcitbed by a somewhat 
denser layer of connectiTc mtoo contammg collagenous and elastic fibres, 
which reccivea the name of pmstyrma*. La^ the enure musde ii covered 
bv a abeath of connectiTe tiasue called the tportymat, which la in some 
place* conapicuomly t bi c kmed to form intermuscular septa scparatinff 
acescent rousdes. » r 5 
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114 MUSCLE 

Hie texture of a moscle is detenmned by tbe ibe of its component 
ftsaniTi, and bi a muscle capible of deUcstely adjusted movements of 
srcsi predskffi (e.g the ocular masdes] tbe texture is correspondingly 
me. YHiere only movements of a eroas chars ctrr and gaietil strength arc 
required, the faadculi are coarse. It ia probable that the conne cti Tc tnsoo 
of the ecido* and DenmTsimn is more than merdy an Inert matrix. By the 
mterco nnex i o n of the sheaths of tbe indbrldosl muscle fibres and &sciculi 
tbe extent of tfaor contraction is to tome extent controlled and regulated. 



It has also been sbovn that tbe udbal tension which u derdoped by 
extending a rdized nmtde a entirely due to its cannectirc-tissne com* 
ponenL 

At the attachment of a musde, the trandnon from muscular dssne Into 
tendon is relsthdy abrupt. The ends of tbe musde fibres here tre often 
bluntly rounded, and dim k a direct condnuatian of tbe connective Uttuc 
of endo* and pen my d in n into tbe fibrous-tiame bask of the tendon. 
On tbe other hand, embryologlcil stodies have strengthened the concept 
tkm that there a pnmstlly also a direct c ont in u i ty between n^ofibrili a^ 
taidoo fibtib at the muicnio-tendinous jancoan. This at least appetn to 
be the m tbe onbryo ‘ and tame anatomists hare claimed to dcfoon* 
Btrate rt also in tbe sduit. 
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2 THE FASCICULAR ARCHTTECTURE OF MUSCLES 

la tunple fuaform or itrip moide*, tbe f»ciculi ire dispowd longitu 
dinally running from one attarhmffnt to the otlicr Thi* tzial irrangement 
illow» of the degree of movement. By direct ob»ervition ind 

meaiurcinent, Hamc* h*s found that in man the amount of contraction 
po«ible to a nroade fibre u about 57 per cenL of ita length when fully 
ttretched.* Widi fasaculi arranged m linear senca, therefore, a muicle 
which la 6 mchca long when fully relaxed can theoreticallv ahorten by a 
little more 3 mchet, with a correaponding degree of (haplacemcnt of 
the atrocturta to which it la attached, m other worda, the ranw of move- 
ment wtddi a muscle can effect la proportional to the length of the muicle 
fasciculi. Itttforthateaaonthatmuacleawhichactonvtry freely movable 
jomta bare comparatively distant attachments, and therefore long fascicuh 
For example, the trapexius and latunmua doiai mnades rduch move the 
shoulder region extend in their ongma up to the ikull and down to the 
pelvia reapecmTdy It can be shown, indeed, that the length of the fasciculi 
which ccm ip ose rousdes concemed m producing active movement! by 
isotomc oontraetton u very closely related to the range of movement which 
they are required to effect. The precaaion of thia coirelanon in mdividuajla 
of different bmld rabes some mtereatmg problems in regard to the f^ora 
which detenmne the growth in length of muscle fibres during develop- 
ment These have bea discussed by Haines,* who mfert that ^ growu 
of muscle is in some way related to traction at its cmgm and msertion. 

In many cases the com p onent fr sa en h are disposed obliquely with relation 
to the function^ axu of the muscle, and are atlachfd along one or both 
sides of a long tendon of insertion 47) Muscles of this type are called 
umpennifonn or bipennifoniL Midfip^miform muscles rIm occur (e>g 
the deltoid) m wiu^ fasdeah are related m a bipcnnifonn manner to a 
parallel senes of tendinous pktes embedded b the muscle. In these 
arrangements, the indmdual muscle frsacuh running fr o m their ong in into 
the tmdon of insertion are rcUttvely much shorter and the range <rf move- 
ment which can be produced b correspondingly smaller * On the other 
hind, they r epresen t a device by which a lar^ number of muscle fibres 
can be packed b a given bulk of muscle. Since the of contisiction 
depends directly on the number of fibres mvolved (assuming the 
average thickness of individual muscle fibres is coastint), such a muscle 
^tins m strength it the expense of movement A penmform arrangement 
u therefore found m muadei which arc required to exert a pow5ul pull 
through a praH space. ^ 
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3 THE SHAPE OF MUSCLES 

Apart from the arrangement of miade fibra and faaaculi, the ihape of 
the complete muscle varies conalderably We may note flrat the aimplcr 
types TTith an attachment at eithef end. The attachments are commonly 
termed the origm and the vutrOotu The former Is the rektivelj fixed end 
of the muscle, and the ktter the rdadvely movable end. Thus the pecto* 
rails major muscle u descnbed as taking origm from the chest and behig 
inserted mto the arm, and ha function is nonnaUy to more the arm m 
relation to the tninlL. It will be rcaltxed, bowerer that under e xc ep ti onal 
orcnmstances the usually fixed and movable cads of ai^ muscle may be 
rcTCTsed. For example, if the body is suspended by the arms, the pectoral 
muacle m^ be used to raise the trunk tovrarda the anna, llie muscle is 
then said to act from iti msertiofi. In many muscles It b hardly possible 
to atate which are normally the fixed and movable attachmcnti, and in 
these cases the appUcadon of the terms ongm and insertion is mainly a 
mattw of convention, 

A fusiform muscle may be attached by a tendon at one or both ends 
of the fleshy behy Tendons ser r e a purpoec in concentiating the pull of 
the musde on a small area, and they are also of consideiable importance 
for the convenient picking of musdea, allowing them to act from a datanry, 
In the case of the hind, numerous muscles are rtouired to produce the 
complicated and delicate mortmenta of which the nngen and thumb are 
cspanle, but h woold clearly not be feasible to acconmodate all these 
muacks m the hand and wmt region, for by their bulk they would senooily 
interfere with the purposes for which the hand u remdred. They are 
theriribre mostly parked away at the upper end of the foreann and con- 
nected up with the digiti by long alcndfr tendons. Lastly t<»ndfiT>« allcrw 
the Unw of the pull or a nmscle to be changed, for they can alter tbeu* 
directian by turning over bony prommencei, and in many by doing 
so they increase then Icrerage power 

A muscle may take ongm by two or more lieaxls in which case it is 
termed btaptUd, tnapdaL, mt^nexptl^ or wodtiaftiaL This elahoration 
IS sometimes the result of the fuai^ of datmet muscle elements to form 
a common tendon of insertion. Some musdes hare two flediy belhes with 
an intermediate tendon — these are termed Agasinc They are usually 
formed by the foslaa of two separate muscles which may him a differ en t 
nerve supply In these esses the i ntcr renlng tendon is often leganicd as 
the remiins o f a myosep bun which in the early embryo a inteipasca between 
a^acent musde segments. The rectos abdosmnis musde Is i nter se cte d by 
• of in tw T iiMistft tendons in the form of transrerse hands or auenp- 
fyoftt, which have been taken to represent a p e niitrfice of the embirontc 
xDctamenc amngement. However there is some doubt whether trds is 
correct, for ■Uhniigh the rectus mosde a c er t ain ly denved from a series of 
jmiscle segments, the intervening myosepta are «ud to disappear 
dd the temEnous inscnptwnt to develop secondarily 

Many mnsdea are m the form of flat layers, and may be attached by 
taeansoFaheetsofstrongfrscsaorepcancrosw Hie latter are to be regarded 
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u flattened tendona, hmng preasdy the same itructure the 
rcktion to the muscular tiasne a* ordinary cord lie tendons. Flat muscle 
may be triangular quadrate, Thombcndal, and to forth, each shape nwdify 
mg m some way the direction and concentration of the force of contraction, 
^roimd onfiecs, muscle fibres are disposed orcukriy to form tphmctm 
■whose function la to conatnet or close the opening 
Mott somatic muscles arc attadied directly to the bony or cartila; 5 mons 
ikicton* and effect movementa at achacent joints by a levera^ action of 
one or other type Attachments ofotherbnds are, however quite frequent. 
Some muscles ante from or arc mserted mto limunenta, faaaa, tendons 
of other muscles (the hrmbncal muscles of the hand and foot^ mucous 
membranes (the musdea of the longue) synovial membranes, viscera, ?cc. 
In the subcutaneous liycrs of the mtegument of roost mammals parti 
cularly In the more pnmitive types, extensive sheets of cutaneous muscu 
hture cover the head tnni, sad the pro x i m al part of the Umbs. This 
musculature is termed the pciaacubts camosus Its fibres ate inserted 
directly mto the »lnn, and by Its actum the latter is capable of considerable 
mobility In m m , ti< paimiculus camosus has Urgdy diiappcsred, but 
portions of it are still repreaented by the facial musailature which m the 
platyamt sheet, extends down mto the neck and sometunes even for t 
coniiderible datance over the upper part of the chest. The cutaneous 
attachments of the Facial muacles provide the baits for mov em ents of 
facial ex p r essi on. 


4 MUSCLE ACTION 


The action of a muscle depends ultimately on the contiiction of the 
mdividual fibres of which it ti composed. It u well known that mdividual 
fibres conform to the all-oT none* pnoaple — that is to say when they 
contract at all they do so to their fullest extent 'Ihu condunon has been 
reached by infere n ce from the study of the rdiUon of dacontinuiUe# m 
the contraction of whole muscles to the number of motor nerve fibr« 
which are stimulated,' and by direct microscopic exammation of isolated 
fibres,* The graduated nature of the respon s e of a whole muscle is 
upon the fact that m a partial contraction a proportion of its component 
fibres ire fully contracted, others r enaming mert As the force of 
contraction of the whole muscl e is meres sed, more and more mdividnal 
fibres come mto action. A muscle has for this reason been compared to a 
vessel which ^oei fuQ-steam on half boflm, and never half-steam on all 
bodcra. The msukticm of mdividuil fibres m skeletal muscles forms an 
essential basu for the ddicatc gradations of movement of which these 
mutdes sre capable. In cardiac muscle— ^??bere the individual fibres are 
directly continuous mth each other by syncytial connexions— 4 be-tIl-or 
none pnnaple necessarily mvolres the contraction of the heart as a whole. 
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ii8 MUSCLE 

It hu been curmited tbit in the milntenance of posture over ■ consider 
able period of time, mToIvmg a continnotis contraction of muscle* 
(ai, for instance, m animals t^ ale^ m a ttandntg poehian} a rotation of 
tore activity o ccur s, to that when one group of fibre* become* fadmed, 
other* tiie on the work- However no direct demonstration of this 
mechanism baa been obtalned 

In conaidenng the action of moadea ts a whole, several points require 
emphasis. As already noted, a masdo may act from its inaeitiaD ts wi^ a* 
from Its origin, and a conaideration of ita possible functions abould take 
tha into account. Secondly a rnasde may be even more important for 
restramingthanforproduangmovcznent. For example, the sh^ muscle* 
attached roond the head of the bumems pl^ little m efT w^ m g move- 
ments at the shoulder jomt — the poaitioa of their attachment allo^ them 
too-httJc leverage power On the other hind they are extremely important 
for maintaining tlu stability of the shoulder joint. This joint allows am- 
•Idenble nubility m all direcboos, and its hgamentous capsule u corre 
■pandmgly lax. 'Hte short muscles, in this case, function as extensible 
'Ugaments which can adapt their temion to v aryin g positions of the joint 
and at the same time fw»intrin a dose ip p o siti on of tne articalar an daces. 
Herein tmiscles have an advantage over capsular Ugamenta, which can only 
retam jomt surbicc* in contact m those potions m which thor fibre* are 
fully stretched. When a muscle fonctions ts a restrainer of morement, it 
increase* its tensing by ttometne cantnedoA, that is to ssy hs fibre* con 
tract With pracbcalfy no shortening of the mnscleas a whole. In a similar 
manner muacles may be need for raking the pressure in cantiea for 
example, the muades of the abdominal wall b^ their oxtiaction raae the 
intni abdoffllnai pressure in the act of coughing or de/iecatioa, and the 
buccinator nmsde of the cheek ts used to raise & pressure necessary for 
blowing or wlustlmg 

Lastly It should be noted that a muscle contract in a part of its 
extent only and the mov em ent wfakh h produM will vary co c i e sp ond 
ingty The trapexrus musde extends m its ongm from the skull down to 
the isst thorsoc verte b ra, and it u Insert e d mto the shoulder Its upper 
fibres, Gontracthig alone, wfil derate the thouJder hs lower fibres wQI 
hare the oppo dte effect of depresahig h. 

In regard to thdr actkais, nmsde* are mpimoaly g r o up ed into several 
cstegor^ As long ago as 1777 John Hunter desexibea the actions of 
muKles as being immediate ana seconxkiy the former being conc er ned 
with the direct production of the movanent required, and the latter with 
supporting sedoos a rttj s or y to the main acdon. A more detailed cliasifi 
ettioo of muscle acdon was dsboiated by Beev or in 1904, and this atlH 
finds g ener al a c ce ptance , llie direct movement which a musde produces 
by puffing on hs insertioo Is its piima^actioo, and, woikmg in this capacity 
the musde ts termed a pnstc auToar *Ilras the bracfaisla muscle is a prime 
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mover m flenoa of the foretnn, the ^uidncep* femom m e rt e n i i op of the 
knee tnd the pronator tert* in rotating the n(Eu» on the ulna. In almort 
every cfK the preciae action of a pnme mover can be mferred by a con 
RdcratMo of ha attachments, hi relation to the jomt at ■which h produce* 
moretnent, and the type of movement of which that joint is capable. 
There are, however a few excqrtiona. The action of the common extensor 
muscle of the fingers, for example, or of the paoaa muscle in the region of 
the hip joint, hnotrcadHyevid^fromastuQyofthecadavcr andmthese 
cases cxpcnmcntsl or dtntcwl o bser y atm n may be required to ehiddate 
their true function. 

Muscular contraction, umiving single muscles or mmp* of muscle*, 
rtri^ be studied m the living body by electneal stnnmation applied over 
the poartum of nerve trunks, or over motor pointa (Lc, the arte of entry of 
motor nervea to mdirlduii musdesl 

Itisrematkablethstmany mdivlaualmovcincntaatjoints can be effected 
by one or other of sevcnl mnacka, so that the paralysis of one muscle alone 
may easily be compensated by the action of those which remain intact. 
In such a case, muscles are sometime* called mto pl*y to produce a movc' 
ment with whi^ they are not normally concerned, out which h posiible for 
them by r e aso n of then attachments. Example* of this type of compensa 
turn have been detcribed by Wood Jone* b casca of nerve mjunes m man, 
yduch illastrtte very clearly the adaptability of voluntary muscnlai action.^ 
Reference om also be made to the obeervation, by the careful analysts of 
emematogntpeue records, that the nonnal gait of a rabbit is not disturbed 
idter sectfon of one flexor musde alone of ths knee jomt'—mdetd noticeable 
changes only occur after three separate flexor muscles hare been put out of 
actum. Th^ expenments also showed that the btact muscles contracted 
more strongly to take on the work of dioso which had been cut* 

It is impofUmt Co note Chat in the bvmg body no muscle ever acts alone, 
for the smplest movement requires the co-operation of a number of 
museks. Tnoae whidi act b an ancillary capacity to a pnme mover are 
called tynerpsis and anUigonuU When a muscle contracts to produce a 
moTOoent m one direction at a jomt which is capable of movtanent m 
several directions, synergic musdes come mto pl^ in order to pr e v ent the 
movements winch are not required- For example, the flexor carpi ulnans 
setmg by itidf will flex and adduct the hand at the wnst joint If pure 
adduction is required, the extensor carpi ulnans acts synergically with the 
flexor ThefonrierskmeisancttcnsorandBnadductor Woikingtogcthcr 
the flexor sedon of the one vrtll be neutralned by the extensor acGon of the 
other and only adduction occura. 

Synergists play an important part b fixing jomta where no movcmMit is 
required, and these are som eti mes termed feaUion musde*. In denchbg 
the finger* vigorously the biceps and tnceps muscles will be found to 
contract They do so in order to fix and keep rigid the elbow joint, from 
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MUSCLE ACTION 
the flexor and eitetiior muiclei of the foot are transpowd, no re-educa 
tional adjuitment by modifying the action of the transpoaed mnsclca aecma 
to be poisible.* 

In higher TT«mnv»Iii, the feed neural petlcrm of the spinal cord may be 
conttdiSd and modified to some extent by the greater development of 
higher fonctionil levcli of the nemwa to whidi they beawne lub- 

ordinated» particularly the cerebral cortex- Tbcac higher levels, it seems 
are able to exert an exatatoty or mhibitoty action on the neural elements 
of the lower centrea and thm provide the baaa for mdividual adaptation 
and education of motor rcactiona. The extent to which this can be adiicved 
m man is well shown m those case* where muscle transplantation la 
employed m order to overcome a paralvus For example, if the extensor 
musdea of the wnft are paralysed, a tendon of a flexor muscle may be 
separated fr om its normal inscrtum, earned round the forearm and attached 
to the back of the band to take the place of the paralysed muscle F oUowing 
an opentuon of this kind it ta poasmle for the penent to re-educate himself 
— or m other words for the neural patterns of the nerrous syitcm to be 
come readjusted — so that m future the transplanted flexor muscle will 
contract when extension ts rcomred- In general, this land of motor 
re-education la possible, and often quite succeseful particularly if the 
transposed muscle nonnsUy acts in a ^ncrgic relation to the muscle for 
which It ts reainred to compensate, llie capacuy for rt-educadon also 
seems gi e atex for the arm thffi the leg, amce the movements of the latter 
are usually more automatic and less oonsctously controIlecL The modifi 
ability of the pattern of musde action in man is sometimes expressed m the 
statement that, whereas in the tpmal cord IndiTidoal muscles and muscle 
g r o up s arc r e flec te d m the neural pattern, m the ccrdiral cortex only 
moTcments are re p r esen ted and not the mdmdual musdes which effect 
them. 

The progresarve domination of motor reactions by the highest functional 
levels of the central nervous systcffl in cvcdotiona^ dcrclopment ts of 
considcnble aigmficanco for the physiotherapist, Thu domination has 
become more fully expressed m man than in any other marnTTrl and upon 
this fact depends hu greater cducsbility m regard to muscular controL 
But he has to pay a nnce for thu advantage whidi be holds over the rest 
of the annnal world. The harmonious co-ordmaticn of his voluntary 
musdes u no longer a matter of automatic and unconsaous control by 
lower centres It is therefore apt to be disturbed quite easily by da- 
harmomes which primarily have their origm m the consdous levels of the 
mind. The fonnsticm of bad muscular hibita, which are expressed m 
faulty posture and in an uneconomical use of mdividual musdea, u t 
common caose of motor disabihties in modem man Their treatment 
requires a detailed knowledge of musde action m order to analyse the 
nati« of the maladjustment and to determine the type of remedial cxcraso 

which is neceaaary for the re-cducatjoa of musde controL It also reararea 

a considertble pavchological msigbt. ^ 
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5 VARUT10N8 OF MUSCLES 

Mu*clc» »re nrotonoiaty vtntble, tnd k Is qiuic comrooo to fiad mascu 
Ur snoxnilies in tl^e course of routine dissection of the hTtman bodj The 
vtnitwms m»y bo conveniently grouped in three ctt^Drtc*-~prDgresiiTt, 
retro g re ss ive, snd strrfsdc.* 

Progressive vsnations sro represented by the tendency of scawi nmscfcs 
to beojiDc iccresstngJy cempl^ At tn maple of thU vre may refer to 
the deep fiescor musdo of ^ fingers in the fo r e ar m — flexor profimdus 
dignorum. In the course of cvoltmon, ti» locg flexor nrasefa of t3» thttmb 
huslreidysqTtrxted o£Fsi an independent elment — flexor knguapoQiat. 
In modem man there ts a tendency for the tsart of the common djj^ 
flexor which u ccncerrved with movement ot the mdex finro to Mow 
the tame coorae. Tha portion occasionally be found to be praetKsUy 
separated by a loogitudmaJ cleavage from the remainder of the mnsde^ in 
assocutioQ with the increasing fonctiontl mdrriduality of the index finger 
Poaatbiy this u to be regarded as a stage m the erohitKmary development 
of a new moscular — a flexor profundus inchcU. 

Hetrr^resarve vananoos are related to degene rativ e changes m a smsde, 
assooaM presumably with a loss of functi^ palmans loogua of the 
foreann and the pUntam m the calf are exampka of thU type of vaxiitiitt. 
In prttmtive tnammais these tnuscies form supaflcial flexors for the fingers 
and toes. In man the distal jaart of the palmans Josgus has degeaented 
into the palmar Casdi while in the proxuntl part the fleshy beSy la often 
shrunk to an msigruficant nte, with a long siendef tendon coonecung h 
with the palmar &aa. Quite frequently the moack u absent altogether 
In the leg tlw tendon of the plantana has become sept/ated into two parts 
by the prominence of the hwL The diatal portion remains as the plantar 
fiuaa which is now attached poatenorly to the csktneus, while the plan 
tarts muscle ttaelf a inserted directly into this bone. Retrogressive changes 
arc also to be noted in the short muscles of the little toe which m many 
cases are replaced to a considerable extent by fibrous tissue In assooatkm 
with the degenerative changes m the bona and the integument of the 
Uttk toe, this teems to suggest that the digit is m the pro cess of atrophy 
Degeneration m a muscle is usually manifested by the replacement of 
muscular tiasne with fibrous titsoe. but it is uncertain whedier this la a 
direct tiaaffertnadon (roetaplaau) of the musde fibre*, 

Wbere m the course of evolimoa. the range of movement which a 
muscle u required to produce » dumnahed, the muscle becomes partly 
replaced by tendon so tear the length of the muscle fibres become* adjusted 
to the new roechamcal condidons An extreme example of thu u shown 
by the coccygcu* muscle (m ibe pelvic floor) In lo w er mammals, this u 
uuerted mto the basal vertebrae of the tsoi In man some of these verte 
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brae Irave become incorporated with the npd SKnim, and the MrOon of 
the coccygeiu mo»de 'wbich thus acquires an attach men t to the tftcnim 
become* entmiy repisced by fibrous tissue and fonn* the tocro-spmous 
Ugimcnt.* 

Atavistic Ttriaticm* of musdea ore not uncommon m the human body 
Muscular elements which have been completely lost during cvolutioniiy 

devdopmentoccsaionallv make on appearance qiuteibruptty For instance, 

a portion of the panniculos camosu* may be found as a sheet of muscle 
strettiung across the axillary fossa, fonning the to-called axillary arch 
Another mtcretting example la the upper part of the coraco-biochiahs 
ttvmkIi* m the arm. Pnmmvcly this muscle consists of three parts, but 
only the middle portion p erwts m man the lovrcr component is repre 
tented by the fihroui tissue of the medial mtennuscultr septum of the 
arm, while the upper part has disappeared. In lower maromali the latter 
runs from the coracDid process of the scapula to the neck of the humerut, 
and because of it* action is called the Totator hanm This muscular 
element occaaioTally reappears m man. and its presence may be a source 
of difficulty requiring surgical treatment, for h sometime* mterfere * with 
free morement at the shoulder jomt. 

The manner m which a vainshcd mus^ can put m an abrupt appearance 
as a complete entity sugeeats that muscles have t morphological todm 
duality skin to that of sl^etal ekmenta. It is also rcmariable that muscle* 
wbeh bam apmratly lost their function con persist m quite a well 
defined form. Ibis phenomenon u of the greatest ngmfiance to the 
comparative anatomist in his search for evid^ce bearing on the phylo* 
gen^ history of any porUcukr speciea. The human ear is nnmoDile m 
the normal person, and yet it continuea to be supplied with welJ-organused 
musde*. It n difficult, from a consideration of their attachment* to osaign 
any other function to these musc-tes except that of moving the cars. Hence 
It con only be inferred that, m ha evolutionary history man has been 
derived from an ancestral stock m which the ear* were freely mobile. 
This sTgument also applies to some of the short muades of the big toe, 
which m lower Primates are clearly adapted for prehensile movemaits 
ofthisdigrU These movements are no longer posable m the human foot — 

yet the appropriate muscles remam wdl ^veloped. 

The conservatism of the muscular system m TTamnrh i* 
by the relative conrtancy with which a common pattern u reproduced m 
s ntm i l s of widely different habhos. For this reason, it is usually not 
difficult to determme the homologies of mdividnal muscles evoa m quite 
distantly related forma. Indeed it » doubtful if there u any rausde 
eleroent m the human body which u not also found m lower Pnmates 
even the pcronca# tertius musde of the foot— which was at one time 
regarded as distmctive of man and related to his erect mode of procrcsaion 
—has occasionally been found m the gorilla. 

In adapttUon to i^rying reqmremenU in different types of mtmmak. 

musde* often shift their sttadmwnu to some extent In man the pectoralis 

minor u inserted mto the coracoid process of the scapula, whcrcM m most 
R W Htma TU Ir»* of mu*cJe *iid tendoR ttwh Je«nu Awl 66 


lyja. 
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lower mifnmnU it » ittacbed to the bead of the hmnenu. The flexor 
acceaaonus a confined to the sole of the foot m man, but comparttiTe 
■rutnmifial itudica indlcatB that it nng fnaTl y took onm from the fibnb- 
Such cvolutiontry migntiotLi arc aomctimc* endenced m the human body 
by anoaaloQt attachments. 


6 TENDONS AND TENDON SHEATHS 

It has already been mentioned that tendons aer r e the purpose of coo 
c entra ti ng the pull of a muscle on a small area, allow muscles to act fnxn 
a datance, andln scane cases change the direction of the ptill and so increase 
the leve ra ge power Given the o^chments of a muscle, the length of a 
tendon is determined by the length of the fleshy fasdcuh of muscle fibres, 
which a^am a related to the range of movement required. Tendmoos 
intersections m the sobstince of a fleshy muscle provide for a permiform 
arrangement of muade fibres (oide n^d, p 115), and in tome cases may 
r ep r e se nt the pemstenee of fibrous septa between the segments of a 
compound muscle. 

In structure, a t en d on b ahnost entfaeJy composed of white fibrous 
tusue. Its coUsgenous fibres are arranged In dosely packed parallel 
btmdlei and form a flexible and afanoat nocn-eiastic cord thrwgh which the 
of a muscle a tranamJtted to hs insertion. Between the bundles of 
&rea axe cmgle rows of fibrobhita whkh are flattened out In adaptation to 
fTi^angnUrspK-wainqrfurh In a croaa-SCCtifln of a tgldoD, 

therefore, *ppcar star-shap^ with pointed p ro ce » es projecting 
b e tween the ac^acent bundlea. Tho great tenaile strength of teniras a 
emphiBixed by the hurt th»t a fuahky tendon is rarely r up t ur ed in its course 
by eiiemve strain, although the latter may leui to a tearing of the tmdo n 
from Its muscle belly or from hs bony It has been found from 

direct ex p enm ent that the svertge tmaDe s tr ength of tendons m human 
cadavers varies from 8 700 to 18 000 pounds per square inch, andthertare 
considerable differences m tho strength of different tendo^ even where 
they hare a p p rom nately the same cr os s e ec tkaiil area. 

Tendinous patches are frequently devdoped in musclea at places where 
the latter are subjected to orcssuro and frumon. Thra occurs, for example, 
where the trapexms nmscle ovemdes the mcer end of tbe scapular spine. 
Again , the outer head of tbe triceps muscle is tendinous where it a com- 
pressed by tbe overlying deltoid, but a toon a it escapes from under 
cover of trib TmmrJw m pj— ^ down tbe ann, it becoma fleshy Similar 
tendmoia areas can be produced eipcrimeaitally In musclea which are 
narmally fleaby In a prerlons aecbon (p 97) it ha been noted that a 
sesamoid bone may devek^ in a tendon where the latter h subjected to 
pressure m passing over a bony co nv e xit y A tEght degree of prtaore 
win manif^ itself m a local thiAgnlnp ooJy (somrtimes termed a fibrous 
*«cDoid) or this may become further organised mto a cartflaginous 
sesamoid by a pro ce a oi choodrification. 

A. E. CrooHtB, "Tbi tetwD* erensth of tansn toodoDS Ac. S4 sjS. 
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It m*y be presumed that the initial stunolus to the dc%‘elopment of a 
tendon la a tensile ftram imposed b) a muscle on undifferentiated meacn 
chyme This lead* to a prohicration and an anal oncntition of fibroblastic 
followed by the dcpcmtiDn of paialltl cohunna of coUagenoo* fibres 
Such, ft least, »ecm* to be the process mvolved in the regcneratioQ of 
a tendon- Stewart ha* shown that if a segment of tendon naif an inch 




long is excised from the flexor muscles m a cat t leg (with preserratioo of 
the tendon sheath) the animal a gut returns to norn^ m six week* with 
an appaitnt rtgencration of the tendon-' The re gen er at ed tiasoe in these 
particular experiments was unlike normal tendon to the extent that its 
fibre* were a r ranged m rather waw columns instead of being quite straight, 
t^ did aot ahrayi nm m parallel formation, and the constituent ffiro- 
bU*ti were less compreatcd. H owev er there is other endence to thaw that 
ffauefa an experimental a nim a l is allowed to surv i ve for tevcnl months, 
the regenerated tmoe become* practically indistinguishable from true 
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te nd on . It u mteretting to note tiart If in en expenment of this Idnd, 
the muscle is also aerered so that no teoaum u piit on tbe cut tendon, tbe 
latter is not regencrited.* 

The glatening ippearaoce of a bndon is doe to the fact that it Is imme- 
d lately sunounwa by connective tissue of very looee texture, the rocabca 
of which contam a muonous fluid aimilar to the a y noTial fluid of Joints. In 
Its moTcments a tendon muat occesaari^ ‘work out* a chsmytl for itself m 
the connectiTe dMue in which it Iiea, and m manr ctsea these channels hare 
well-definfid waHa triiicfa cooaotnte definite tendon eheatha. In structure a 
tendon abeath la doaely annilar to a bmwl aao or a ijmovial cavity of a joint. 
Flattened connective ossoe cdla form a mesothehal lining to the aheath and 
alao c o v er the tendon itaelf (like the psnetal and vlBceral layera of a aerons 
membrane) Practically tendon aheatha aerve to Tnintmrte fnction. Chni 
cally they are of conaiderable importance because of the ease with which 

X ; effoBiona am thread along from a focus of infection. 

thdr embryologtcal development, tendon sheatha appear very cariy — 
before it posiwle for mechanical fictnra due to the pull of muaclea 
to take part m their differentiation. Whai the tendon fiiit bcgina to 
cryatalUze out* In an indiffcreDt matrix, mescDcfaymal cdli are seen to be 
arranged in a orcukr manner round it. In the digital tendons of a 3^ nun. 
baman emhtvo, theae ceOa begm to separate an^ with the retracnan of 
their kterlacmg cytopkanuc processes, this lesda to the formitmn of a 
definite cavity lined by a flattened meaothehum. Not mfreqaently two or 
more twidnna mmn to oocQpy a conomon ■hi-ith which-^ m the palm of 
the hand— may be quite extensive. 

Tendons, being composed of comparatiTely inert and paaane risane, are 
pooriy siqmlied with tUood veaaeb. These enter at bom ends, from the 
niusc^ aim also from the perloetenm at the aits of attachment to bone. 
In the of the long flexor tendons of the fingers, an adriTtmnjl vascular 
supply reaches th^m in the imddle of their co ora e by means of delicatn 
reflections for ‘roesentenes’) of the mesothehal linmg of the tendon- 
which are teimed vmcula rmailofa. 

'Hie s ensor y nerve supply to tendons is relstfrely sbimdant, the nerve 
fibres terminatmg either in free raimficatioos (which may be somewhat 
elaborate, forming what are called Gcigi Undon emsax), or m capaukted 
endinga such as Factman corpusdes (see p 300). The former sre ti ta s te d 
■i-finlT y in the fobctance of the tendon, to the muscnlo-tendmout 
junction, while the latter «« found In the tendon sheath. These nerve 
t-nHlng s prcmdc an important mecfaaniim whereby an Increase of fmsion 
in the tendon mitiates proprlocKrthe nnpclscs which are conveyed to the 
central nmixa system. In addition, tendons and their sheaths are supplied 
with a of exceedingly fine nerve fibres of the type which is-lmown to 

be with the condnedon of painful tmpul^. This explains the 

icmitlTeDCsa of tendons to patnful atnnuH such as pressure. 

L«T7 'tJb«r «V" T?T¥ffi— TDD Zog of dig BOdODf &Mcieo Artk, 
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7 THE EMBRYOIJKJICAL DEVELOFMEKT OF STRIATED 
MUSCLE 


In the very etriy embryo the ptr*xi*l moodenn become* iCffmeiited to 
form * »enc* of rcctdgular bloii amnged m * row along etther tide of 
the Eiciiial tube, Tbcte tegmentt appear firtt at the anterior end m the 
region of the hind brain m a three- hu m an embryo and at five week* 
the whole number (between 35 and 40) u complete. Each aegment it in- 
nervated by ita appropriate tegmental nerve, and each it separated from 
its noghboms by layer* of connective tnane or ir\ymgpui^ The medial 
portion of the segment, called the scUntojn*^ it compost of loote tmuc 
which It concemed wiA the formation of the vertebral colu m n. On the 
ktcial turftce m a layer of edit, the itmaUmt whidi is believed to give 
nse to the connective tittaes of the skm. The miennediate part of eacb 
segment it the myotome proper from which much of the skel e tal mutcnla 
ture of the body la derived. When first formed, the cells of the myotome 
are tpmdlc-ahapcd their long ant bang directed longhudinally The 
myoto mea very quickly lose thM pnmary simple snd regnlsr arrangement 
with tbar tranamnnatian into the definitive musculature. Thu mvolvt* 
changes of several kmeb which have been listed by Arey* as follow* 
(i) a change in directioa of mutcle fibre* from thor ongmal cranio-candal 
onents&on in the myotome (a) a tnigrafion of myotome* from their 
ottgmal parvxfal position, either m pan or a* a whole (3) a fotion of 
portiona of toce mr re myotome* (4) a lon^tudmal tpUttmg of myotome* 
mto cub^rlikint (5) a tangential tphtting into l^rer*, and (6) a d^enera 
tian of myotomea or parts of myotome* to form fitfoal structures. In the 
difierentiatioa of any mutde, one or several of these pro cewe a may be 
involved. For mttance, portion* of the lower thoracic myot omea migrate 
f orwar ds in the tbdommal wall and become cleft tan^tiaHy to form the 
muscular layers of the ettemsl oblique, m t eni al oblujue, and transverse 
musdes. 


Fuskm of portions of sereral myotome* leads to the formation of such 
mus cles a* m the adult arc tuppliM by a nerre whose fibre* arc derived 
from tcTcral tpmil roots. 'Wbeteref a myotome or a portion of a myotome 
may migrate in its cmbryologxcal hutory it usually it* segmental 
nerve supply with it. Consequently the ongm of any muscle m the adnh 
can (to katt in most cates) be mferred from a confidentioa of it* nerve 
supply For example, the innervatioa of the diaphragm from the 3rd, 
4th, and 5th cervical aegment* by way of the phiemc nerve show* that thi* 
muscle ha devekmed from the downward migration into the thorax of 
portion* of the 3nl, 4th, and 5th cervical myotomea. 

Thn entenon of nerve si^ly suggat* all the mi ttH'W are 
^v^yr ea of m yotomea whidv have migrated from a paraxijl position 
into t^ growing limb buda. Such a migration has aOiaDy beax obserred 
in rabryo* of lower vertebrate* fag fishta), and even m higher vertebrates, 
including man, evidence of a proce»a has been brought forward. 


UB. Ax«y DntlttmmiUj AmaUmry Lottko. 
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However It u uocertiln bow extesktrre the mlgruticin realiy i* in 
Some embryok)gi»u ire of tbe opinion that m man mo«t of tbe Tlmh 
muwnlature betxcoes diffcrentiatea tn siia from tbe m^ w v hj m u l of 
tbe brab bud*. Similiriy it u «u^ge*ted that tbe ton™ nniacuUture u 
not really tbe re*ult of a forward migration of tbe ocapital mynp ^uf u i» 
commonly toppoeed, but rather a local differentiation of the in 

tbe floor of the mouth. 

Tbe difficulty of foUcrmng all tbe stage* in tbe devclopmoit of tbe 
musclei in tbe human emb^ b very great, owmg to the ■ttnnfahfng 
r^5idi^ with which tiu* p ro cca * 
occuia. In a fire wcA human em- 
bryo tbe m yo to me* are neidy 
arranged in a cOTwriU alongtidn the 
neunu tube. TVo week* uter tbe 
drfiruPYtt arrangement of tbe mmen 
latore ha* already become estabbtbed 
to a very remarkable d^rec, not only 
in tbe track and prozimal part of the 
limb* but even in the hands and feet 
(Fig*. 50 and ti). It may be con 
eluded, then, in nan and offier 
naruixi^ tbe wbok procca* of rnigia 
non of paraml myoinmes mto tbe 
bmbft ha* not been actoally deown- 
■tiattd, but that acalw^^ lower 
vert^ntea a* well n draffs of nme 
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strpplr voggeft that such a mlgrabon 
doe* in fact occur 
It a In tel eari ng to note tbit, pnor 

to th«p tn fftrm fiefi- 


nitivB mnade*, myotome* «rc prob- 
ably potentnlhr equinjent that U to uj tbeir dcrelopment Into meaSc 
mu»ae* a not predetetmmed br tbor intrirmc structure. Tbi* interence 
it baj^d on tbe obsei'vaUon that if in Awihfy^cma^ a myotome a tra nsp oa ed 
to a new pootian esyertmentaliy tbe mmclea which it form* are not those 
(?rbicb ere Dormally denred from it but those whicli would have been 
der i red from tbe myotome whoac poaitioo it now occupie*.* 

Tbe intncate blendn^ of portiOTia of tevenl myotome* to form aiogte 
element* of tbe limb musculature necessarily leads to complicatioia m w 
diateibutioQ of tbe appropnata segtocotal nerve*. Tbe htt0 a* they enter 
the bmb must Intercbanae and re ar r an g e their fibre* *0 as to form the 
mixed motor ne r va whim ultimately si^Iy tbe sereral mosefes. 'Hiese 
reqtnrementt lead to tbe formatioooftbete^ plexuses. Tbe latter provide 
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EMBRY0UX3ICAL DEVELOPMENT OF ETWATED MUSCLE 125 
lie most coUTtjuent means for distnbuUon of sm^k penphetal nerra to 
muscles of a compound segmcntil ongm whicli m many mstsnccs, ustc 
niigrited »omo distance from their primary position. 

In the bead and nedc regiona there a an cxtcnsiTe «y»tera of struted 
mnacle which n developed not from myotome*, but from die apUnchmc 

mesodennoftheTisceiJphaiynpslaicbeju Thisnlhe bnm^ miucu 
Uture, umeiTated by a speotl lytton of nerves issooited with the phsiyn 
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M«g n tflc f rinn X 4 5. (From Arvj after Bardmi and Lewfa.) 


gcal trthc*. From the mandibular arch are developed the muaclea of 
maaocaticni, from the hyoid arch the facial musdca, and from the more 
caudal aichca the pharyngeal and larfngeal muade*. There u nothmg m 
the minute atructure of these muaclei m the adult winch diatinguiihe* 
them from muscles of mvotoouc oenguu 

It ha» been menticmed that the ceiw of tla mjotome are at firit apmdle- 
•haped. In this stage they are called ^’oWartr These cell* become 
gradually elonpted and multmudcatcd. Tte imiltmadear rhari rt^ r a the 
result of tbe amitotic divmon of the nuc^ of the myoblasta. 

Durmg the •econd month of foetal development, the mytiblatts begin to 
acquire tbcir traniveisc atnationi. Sections of feted and stamed tmue give 
tbe appearance of granules being deposited m the cytopUim, beenm^ 
arranged m row.-*, and fusmg to form myofebriUae. Tbe myofibnOae are at 
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fint wtuited pcnpbcraDy In the dewlopmg mu»cle fibre*, the noda 

3 701 ^ a central podtioti. At the tenth week, the fibre# Incraac rather 
y m me and, Tnth thor peripheral fibnilto and a tingle row of 
nuclei in the centre, appear tuoular m •tructure. They are therefore 
called at thu stage atyatuhet At the mytjfibrillae increase in numho^ 
winch they are taid to do partly by iongitiidinal dirmon — tfa^ to 

occupy tl» whole thickneaa of the fibre, ptalung t!^ nuclei out bto a 
hypofemmal p o siti on. 

The statement u aomettruea made that the appearance of myDfibiiUafi 


coincides with the acouititkm of contractile pn^ieftka, and that as the 
re ckarly differentiated t^ contractility abo becomes 


fibrili become more < 
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m u e asiT tglT efficient If this w er e the case, it would pronde a ttroog 
argument /or the contention that myofibrillie are the esaential contractile 
elements of striated muscle. But, as already pointed out, it has been 
observed that dunng growth in nasoe cultures ^cletal nnu^ cells, even 
when ttill drroid of til stnatioo and with no demonstrable fibiillse, are 
capable of tpontancous contraction. It b unlikely howerer that the con- 
tractile properties charactetistic of s tr iated miock are fully derdoped 
before the appearance of mjoSbrillae with crosa-stnatiotts, and there b 
known to be a direct relation bet w een the contractile power of a muscle 
fibre and the degree of its blrehingcoct 
Hewer has shown that in the human embryo the muscles of the ton|;ue 
sre the esrUest to becocne difienntbtcd bbtologicsllT snd that at all 
{diascs of derdopment the musculature of the band and arm n in advance 
of that of the foot and leg 

It Is pttdrable that the full miiobcr of mffiridiul muscle fibres u ac 
qmred quite early during emb r yomc dcrelopnient, althmigh it b difficult 
to get and condusive evidence on thb poinL According to Mac- 
E- E. lle«w *rb* J ii k ipt utB t et asm emfittfi ki dw bwam tcfcoa Jtmn. 
Amt, W i»M^ 




EMBRYOLOGICAL development of aTRlATED MUSCLE 131 
CtDum* (who counted the ntnnbcr of fibre* m the sartorra* muscle in 
embryos of different ages) musck fibre* show no multiphcation m human 
embryo* over 17 an- in len^ (ue. about 4 or 5 month* old) Subsequent 
to thi* date, the mcrease m sue of a muscle depends on the growth of 
individual fibres 


8 GROWTH, REGENERATION AND REPAIR OF 
STRIATED MUSCLE 

Striated musde fibres are highly ipeoalixed cell* and under normal 
conditioa* are incapable of prolimration by cell division- The regenerative 
power of muicle is therefore limked. 'When a muscle becomes hypertro- 
phied as the remit of cierase, the component fibres enlarge m sue but do 
not increase m number An mjury to a muscle is usually repaired mainly 
by tbe deposition of fibrous tissue and if this is at all extensive the action of 

muscle may be considerably impaiicd. 

Indmdual muscle fibres, if otdy partuUy destroyed ctn undergo 
regeneration- For this to occur the sarcolemma, tome of the nuclei and a 
proportion of the sarcoplasm must remam In a viable condition from such 
a remnant rt u possible for musde bud* of undifferentiated protoplasm to 
grow out, acquire transverse striationa, and reconstitute a complete muscle 
fibre In thu way muscular tissue which has been extensively damaged 
by toxKCondj&ofi* can recover Its normal healthy state and tone. In lower 
vertebrates, the r egeoer a t i Te capaaty of striated musde may be very much 
ffreater This u particularly me cue m the process of Itmb regen er ation.* 
If for example, tne limb of a urodele amphibian » amputated, the musdes 
left behmd m the stump undergo extensive degeneration, the musde fibre* 
becoming mostly dedifferentiated mto roescochyme cell* of embryomc 
type- During regeneration, new musde u partly formed from sarco- 
plasmic bud* which ^row out of still un deg en er ate d musde fibres, and 
partly by the differentution of meacnchyme cells. It is difficult, howev er 
to determine whether the latter are dir^ descendant* of dedifferentiated 
musde cells, smee they are not distmguishshle morphologically from the 
mesenchyme which is formed by the dediffcrcntiation of other tissues m 
the amputation stump 

Tbe phase* in tbe regeneration of individual muscle fibre* in tbe fiving 
animal have been studied m a very ingemou* way by SpadcL* In tha 
mvestigttion, mdividual fibres m tbe translucent tails of tadpoles were kept 
imder contmuou* obaervation for a penod of several week* They were 
sulyected to vanou* ^pca of mmry and ibar recovery watched from day 
to day Badly injured fibre* may undergo complete degener ati on- Fibres 
which are le»* severely mjured often dedifferentiate to ffic extent that they 
lose everything except a few nuclei and some aarcoplism. From tbeu- 

loiL ^ ®****^'^ Growth, in^iiTMulrepwr of «iitt*dmu*cL Amw Jcmni, Amt f>2 
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reouumts, mmbkstM arite which form mother cellt for the prorfnctKm 
of new nruteJe fibre* in a few day*. After treatment with heat, there may 
be complete low of the crotwtnated organtiation and new fibre* inb- 
tequentlj derelop withm the old aamolemmh aheOa. Spddel wa alao 
able to note, incidentally thrt, in the regeneration of the tail of the tad- 
pole, the abort tendinoua fibres between adjacent myotome* are actually 
dcrivatiTe* of the muscle fibre*, and are not developed fiom indifferent 
cormeetTve tuane. 

It ia often aammed that the regenerative capacity of mammalian striated 
muscle 18 negligible. It hu been obterved, however that regeneratum can 
occur to the extent of repairing a local dotructioo of mnacalar tissue. For 
example, in ce rtam dtsesses such as typhoid and pnenmonia, the abdommil 
muscles may be affected by local patches of necrosis which m s few dsyi 
are replaced by completely reconstituted musde fibres.^ Erpenmmtilfy 
induct necrocis in rabbits has also shown that the danoi^ parts of s 
limb musde can undergo regeoermtioD very rapidly* Tnia p r o cei a of 
regeneration involves first tbe removal of the necrotic mnade tissue by the 
action of macrophages, and secondly its replscemcnt by tbe devdopmexrt 
of new fibres from myoblasts. Tbe latter appeaf always to be denved as 
outgrowths from tbe stumps of old muscle fibres at the margm of tbe 
necrutie area. 

Striated muacle fibre* have bees auccesafuHy cnhiTaled m tuaue cul- 
turea. It hw been observed, fpr that an abundant oulgrowth of 

akeletal musde occurs if myoblastlc tissue froco duck anbiTo* is eapbmted 
in Lod:e s solabotL* Tbe fact that myoblasts can beenme diffcreatiated 
mto ooss-ftnated musde cells under these conditums show* that the 
process is mdependect of nervous or other extraneous mflnences m tbe 
dereloping embryo From tbe cot ends of striated musde cells in tmoc 
ca llm es, protoplasmic buds grow out ss in regenerating muscle fibres. 
These bu^ acquire transverae stnatioca, but txdore they do to they may 
become detached and undergo rbythnucal co ntra ctions. Tbe latter are 
very variable in rate, bemg sometimes as rapid as lao a minute, and 
occuionilly they are seen m weB-developed musde fibres with cross- 
stmtioas. Tbew o b s a r sti oaa are of consfoerable ngmficance m so for 
as they demon str ate that the contractile prop er ties of skeletal muscle can 
develop qmte mdependentiy of any nervous connexions. 


9 THE NERVE SUPPLY OF STRIATED MUSCLE 

Each musde his a motor nerve supply which enteia it st one or 

more relatively crmstint points. Each nerve ^ mpply common It (Svidea 
Inm a aerie* ot twigs dose to its termmirion and plenxs the musde usually 
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on Its deq) Borftce, or at rt» It has been itated that the point of 

entrance tend* to correspond with the geometne centre of the muscle. In 
compound muscles whose fibres preserve their segmental dispoeition e.g 
the muscles of the sbdominsl wall twijp from the corresponding segmental 
nerves enter m senes. Most muscles, pamculirly those of the proximal 
part of the limbs, arc derived from the ftision of several myotomes and 
thor motor nerves are snnilarlv composed of fibres from several spinal 
segments. 

withm each muscle the branches of the nerve of supply form a nch 
plexus f rom which tenninsl meduDated fibres emerge to innervate mdi 
vidual muscle fibres. The mode of termination of each nerve fibre is 
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shown diagramimticsHy in Fig 53 On reaching its appropriate musde 
fibre, the nerve fibre loses its myrim sheath, while its delicate neurileiainal 
sheath becomes continuous with the sareolemma The ntV^ sion then 
pierces the tarcolcmmal sheath and at once brcalM up into tcnninal 
arboniations which ramify m relation to a local accumulation of granular 
sarcoplaam containing several nuclei- Thu structure is ailed motor 
tndpiaU The nudd of the end phte are denved from those of the muscle 
fibre, and, if the motor nerve is cut and allowed to undergo complete 
degeneration, they remam at first imafiected. There has hero coniider 
abw difference of opinion regarding the precue relation of the nerve 
endings in the motor end piste to the contractile substance of the muscle 
fibre. Bocke’ hsi described the neurofibrillae of the nerve tennmsli ss 
spreading out m the end plate to form in crtrcmely fine pcnterimnal 
network which ultimitely runs mto direct continuity with the tareoplaam. 
'Hegt* bchcTcs it possible to demooflrste that each of the tcrmmils 11 
dircrtly connected with the substance of a Krause s membrane It is &ir 
to say however that most snitomists are sceptical of these interpretitions 
of the histologicsl picture, and accept the view that the nerve terminals 
end fredy m contact with the sarcoplasm but separated from it % a plasma 
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metnbrine. A theoretical considention of the mechtmam mrolved in the 
trinimiMlon of a nerve impulse to a miado fibre gives further aupport to 
this co n ce p tion.^ 

The pattern of distribution of motor dcttc fibres to a muscle is a Tmttrr 
of some importance m the study of muscle action. If transr er s e sectiocs 
are ta k e n through a motor Dcrvc at different levels along the couxie, the 
motor nerve fibres are found to progressiTely In number This is 

doe to the branching of the original nerve ^rcs fue. the Tnnal processes 
of single motor nerve cells m the spmsl cord^ on their way to the muscle. 
Within the muscle substance fortl^ subdivisioo so that each 

onginil fibre innerrttes a number of muscle fibres. The aonal process of 
a single motor nerra cell together with the muscle fibres which ft suppbes 
represents a fu n ctional neum-moscular unit and a termed a wtotor maL 
In powerful muscles of coarse tenon the motor unit is lar^ For example, 
m a limb musde the number of musde fibres innervated^ one axon may 
be as many as 150, and the force of contracnon which can be engendered by 
tbe exatation of a tmgle motor nerve cell Is correspondnigty great. In 
finely grained musdei m which contraction requires to be delicately 
adjusted for movementa of high preemon (such as the museW of tbe eye), 
the umt ta much amallcr Tbrre Is eridoice, based on the dfstnbntian m 
degenerated musde fibres In a musde whose nerve supply bss been 
partially interrupted, and also on tbe localhatian of eketri^ reaedans in 
a musde when a few of its motor nerve fibres are sdmukted, that tbe 
motor unit ii an anatomical gr ifa i y In other worda, thejnusde fibres of 
each unit are not scatter e d throughout the musde but form a compact 
group and m many cases apparent^ correspond to an individual fasciailaa. 

From time to time evid^ce of a physoJogical or hiatologica] nature has 
been brought forward which to mdicate that tbe long muscle fibres 
of fusiform or strap mosdes are commonly suppbed with more than one 
motor end plate, and that in some cases these end plates may eren be 
innerrated irocn different nerves. cndeace, bowever is 

open to erhidsm, and It can probably be assumed that if multiple end 
plates do occur they arc quite eicqjtjooal. 

Besides effer ent oerre fibres, many tre also stmphed with 

affere nt fibrea. Whn<« nf tfia fmmgr ocenpy a hyp o l emm sl 

poshioQ itndt the fibres (that n to say they lie beneath the sarco- 

lemma) the sensory endings are practlcilly ahrays on tbe surface or 
epflemmal. They may be rdadv^ srm^ branching terminals with 
rntn iite vancoaities, ernbradiig tbe mtiafV ^re around its drmmfereace. 
More highly organised sensory endings occur in the form of museU sfau&s 
'Iliese structures arc made up of scrreral musde fibres of small calibre, 
enclosed m a wdl-defined conncctrve-tasue sheath from which they are 
separated by a sone of loose tissue sometimes termed a lymph space 
Tn^ may reach a length of 4 mm. The sensory nerve fibres sup^ying 
For dhcvaityi oo isotDr end pktw. ms E. O tJtnmi Mid J Z. Younc, Tb* f»- 
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nixisde.tpmdl» tre jayelinxted and relatively thick, and they terminate by 
mapping round the conititucnt muacle fibres m a apiral manner (Fig S 4 )’ 
Muscle spmdles are concerned mth the 
mitubon 01 the proprioceptive nnpnlscs 
irhich are required for the control and 
regulation of postural tone in muscles. 

Tber are, therefore, ptrticalarly abundant 
m those mnsclea Trlnch are used m the 
mamtcnance of posture and are uiualiy 
found close to the tendonj In the nerve 
trunk which suppliei such a muscle, as 
many as 50 per cent, of the fibres may be 
affer en t In many emseks, such at mose 
of the and tongue, muKle spmdles are 
apparently absent aftogirther Spmdles are 
(imposed longitudmally in the musde, and 
rctixind to the stimuhu of tension. They 
tre therefore ttrttek rtceptan Since th^ 
are arranged m panlld fo rma tion mth tur 
rounding xnusde fibret, they arc not affected 
by a contraction of the muscle as a whole 
they are only stimu^ted by passi ve stretch 
mg dunng relaxitioa. Herem they contrast 
w& the i tretd i l eue pto r s m tended which 
are stimulated by the tension transmitted to 
the tendon dunng mim»n1ar co n traction. 

Motor nerre ending* begin to mature 
dunng embryotogical derdopment at the 
end of the seventh month, tnat is, at the 
tune the musde fibres begm to present a 
finished histologictl sppcarance. Before 
this time, however motor nerve fibres are 
already in functional connexion mth muscle 
fibres. Indeed, motor endings of a pnnntJve 
type are s£d to fonn as early as the seventh 
week of intra-utcnac life, and spinal reflex 
arcs to be completed dunng the agbth 
week.' It u suggested thst t^re u s close 
relationship between the maturation of the 
motor end piste and the cotnmencement 
of normal functional activity » At birth, for 
example, the nerve endings m the respire 
tory musdes (diaphragm and mtcrcostiils) 
art conndcrebly better developed than those of the IrmK musdes. It u 
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mter aU i n g to iwte, ilso tl»t »en»ory nerve ending* in inu*cle fibre* 
become differcnturted before the motor end plates. 

The possibility of s double motor mnemtion of *tiiated moade by 
sympathetic as well ai soraitk nerre fibres led to a considerable controTcny 
some years ago It a generally agreed now th»t the histological evidence 
adduct m support of thia conception was mfjnht prc j e d . Yet aympi 
thetic activity undoubtedly has an Influence on the contractian of ittMted 
muscle. Thus, stimulation of the sympathetic delaya &rigue in a muscle 
which It forced to contrxet by repeated stimulation of rti somatic motor 
supply (the Orbeh phenomenon) and accderatei recov ay m a tetamxed 
muscle. M or eov er tha effect i* Indeoendent of local changet in the 
circulation. It it not neccasary to postulate a direct sympathetic iimcrTa 
tioD of itnated muscle fibres to explain these phenomena, for they may 
be due mdiiectiy to the liberation adrenalin (or an adrenalm-lihe sob- 
stance) at the endingi of sympathetic fibres m the will* of the blood vends 
of a mutde. 

GonsCancy of nerve supply of moscles The constancy pf the 
nerre supply of individual mnades u a question of conddciable impcutance 
for the comparative anatonust. It u the generally accepted opinion that thia 
constancy can be rehed opoo for catabllshlng the bomologiei of musdei m 
different Timialf by r e ference to their mnemtion. On view musdea 
which m different snhmils have the tamb rehurve posman and attachments 
cannot be homologous if theu’ nerve snpply u quite different Such 
arguments are baaed on the idea that the connexion be tw een nerve fibres 
at^ thdr correapondmg muscle cella Is estabbahed at a very eai^ date m 
embryonic life, and thtt w h erever the muscle cells migrate in thdr soh- 
•equent derclopment they will take thdr nerve supply with them. Support 
was g i ven to t^ conception by the hypotheaia tw motor nerve celli are 
m dnect protoplasmic contimiity with thar app ropriate muscle cell* m 
the very earheat developmental stt{^ of the ovum, w axoni of the motor 
nenrona bong formed by the drawing out of tbw syncytial bridges ts 
ihe cella become separated. Thu Iwrothcsb u directly rdated to the 
neuron theory and Is further duenssed m the section dealing with nervous 
tuaoo (p 339h Here it may bo noted that there u evidence, derived from 
direct matolomcal study md also from expenmental observstion, thst 
motor nerve ^rei g r ow into mnimlar time and eitabliah thdr con- 
nexions secondarily If thu u the case, it u deady ponible that the nerve 
supply may not necessarily be as conatant a* many anatomists have 
supjxucd In fret, instances of a change of nerve supply in homologous 
mu^es have been adduced from tnne to tone.* 

In the foot, for example, the lateril plantar nerve may exten d Its temtory 
m Bpedes of rramr^ SO BS to innervate nmsdes which In other species 
are supped by the plantar Dcrve. Again, the musculature of the 

fins m may be innervated from one segmental nerve only although 
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the cmbryological evidence ihow* that it ha» been denved from *cvcr»l 
myotomic •egmenta- In case* of this bnd, h remams potsibk that the 
homologous musdes are still innervated by the homologon* motor nerve 
m the br»m item or »pin*l cord, and that the penpheral nerve fibre* 
follow an aberrant course in order to reach their m us c l es, Thi* trans- 
ference of nerve fibre* may expUin exceptional types of umervatiom For 
example, rt ha* been obsMved by Addens* that m certain bird* some of 
the fibre* of the seventh cranial nerve emerge from the brain with the fifth 
nerve. Superficially this lead* to an appearance of a change m r^erve supply 
of certam muscles from the »cventh to the fifth nerve, but the appearance 
M illusory for they are itiU innervated from the central nudeu* of the 
seventh nerve. Haines has summanied a dacusaion of these problem* by 
concluding that the nerve supply of muscle* is sufficiently constant to 
permit use of thI* entenon in delcnnming their homologies m a wngle 
of vertebrates (e.g m mammals) On the other hand, reliance on 
nerve supply may lead to error m sttcmpting the comparison of muscles m 
widely separated groups such as mamnials and reptiles. 

Clinge* m pcnphersl nerve supply (that is to say m the route followed 
by individual nerve fibres) are associated with the migration of muscle*. 
When the latter move from their ongmal attachments the fibres which 
•npply them tend to run m the peripheral nerve trunks topographically 
rehted to hi their new pondon. Nevertheless it j* not uncommon 
to find motor nerres pursuing a lengthy and (u it seems) inconvenient 
c ou rse, which can only be explained on the supposition that a migratmg 
musde has dragged cti penphnai nerve supply along with tt. 


10 THE BLOOD SUPPLY OF STRIATED MUSCLE 


Sk e let al muscle u a nchly vascular tissue, supplied by bnincbe* from 
neighbounng arteries, which ususDy enter the musde with die branches 
of me motor nerve. These muscular branches show some ymation m tbar 
number and arrangement. In the substance of the muscle they form a 
picxu* of which the finer ramifications run transversely to the line of the 

musekfibre*. Artene* tnd vem* run together until the terminal arteriole* 
and venule* are reached these come offfrom the parent vessels m alternate 
sequence. This arrangement allows the mttrvening capillanes to run m a 
relatively direct comte from artenolc to venule «nd presumshly serre* the 
purpose of frcflitatmg a very rapid removal of metabolite*. The capiUary 
Tctscb form a close meshed plexus of rectangular pattern, nmnin^r the 
most part longitudinally between the mdmduil musde fibres, with trans 
verse interconncuoni crostmg the fibre* at short intervals. Capillary 
anartomoie* are said to be particularly well developed m 
relation to the motor end plates, suggesting that the neuromuscular 
junction ts the site of considerable metobohe activity • Red muscle has a 
nefaer vascular supply than white mu*de and the longitudinal capillanca 
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run a tortuou* coiirae in » t eid of being reJitirdy itmghL Moreorer the 
crot»-cnnnexion» of the rectangular plexoi often thow ch»rtcten*tk 
dilatations. It is suggested that these provide little reservmn of blood 
which may continue to supply the muade fibres with oi y g e n when the 
capi lla r y circulation is compressed and impeded by contraction- 

injected specunens show that tha branches of intramuscular T eisdi are 
fiieely interconnected by arterial anastomoses, and it might be supposed 
therefore that a collateral circulation would be readily cstaSlished following 
the interruptioa of one of the channala of blood supply However an 
expen mental study of the yasculan^ of muscle h«* shovro th«t the tntftt>- 
moscs sre not very efficient, so that a part of a muscle can be functional^ 
derasculanzed for several days by the ligature of one of hi arteries of 
supply • This observadon b some practical importaDce since it is prob- 
able that striated muscular tissue u imahle to survire if it u depmed of 
all blood supply for more than a few bouii. 


11 VISCERAL MUSCLE 

In companson with somatic musde, the fibres of nscenl muscle are 
cdlsofnmpleahapeanddevDidQftTanaveTsestnatians. Itissynonyrooualy 
termed unstnped or plam mnscle. On general functional grounds, it ts 
difficult to define any absolute or final distmmon between somatic and 
vtscertl musculature, but, broadly speaking, it msy be said that the latter 
provides the motive power for ^ those mwilt sn faifrB which sre directly 
related to metabolic sctirhiet of asaimilitioD n uinti oc and e x e re h on. It 
playi an t*****"!^! part m maurtainlng the normal pbynological etmlUbrnm} 
of the body while the adjustment of the organism to the external enviran* 
ment is secured by means of the somatic muscles. In the ahmeniai^ canal 
It prop^ the in g e sted food, aids in the process of digestion by iriixing it 
freely with the mgcstiTe jmees, and ctmes on the w»te products to be 
eicr tted. In the capsules of glaruls and in docts it pr omot e s the flow of 
secre to ry prodnets. In the walls of blood vessels It serves to regulate the 
diatimutiasi of blood according to the needs of the vanotB tiasues at 
the moment In the ureter and btaader h U cocc er ned with the excretiQo 
of urine. In the akm it plays a part m temperature regulation by cootroIUiig 
the activity of the s we at glands. In the connective tisaws of the body 
pardcniarly in the mesentoies of abdominal and pelvic vucera and in the 
orbit, it ha a definite supporting fanedon. In the duct of the test i c l e and 
m the oviduct and uterus it prondea cssentMil mechanisms for the coo 
Hniunpe of the tpectes. 

Viscersl musde u therefore the musde of the ‘vegetstiTO funedons of 
the body Such functions, ho w e v er are also rabserved m part by striated 
musculature. For example, this type of muscle controls the movanents of 
the first tew inches of the shmentaiy canal. In the abdominal wall h aids In 
fTvinftning thc pontioo of the abdominal organs and reinforces the aednty 
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of ttc imnimc ■mcml tauacukture of the m tcatmea bltddcr icc^ it 
provides the motor mechanism of rcapiratiom md it pUy* a predominating 
part in tempertturc control by the woeraticrn of beat 
Embryologtcahy there is a broad dutincticm between ftnpcd and un 
ctnped muacuiature m that the fonner u mainly derived from the segmental 
mesoderm, and the latter from splanchnic racsodertTL Thu 
dutmcUon » again not complete, for the striated muscle of the branchial 
sreh lyitcm u also developed m splanchnic mciodenm ‘Bnnchial muscu 
kture in its strocture would be classed as somatic, while in its cmbryo- 
Ic^cal ongm and innervatioa It must be regarded as visceral. Thu mixture 
of contradictory features is reflected m ita evolutionary history and in the 
fuDCtions which it still performs m man to-day The jaw muscles of the 
manfliVmlar gTch ID BO ^ u they STC conctmcd With the reception of food 
and itB preparation for swallowing occupy a functional position between 
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the aomitic and visceral systems. The facial muades of the hyoid arch 
were pnmanly muades of respiration, and the facial contordora which 
accompany aoite respiratory dutreas m man still bear witness to this 
sssoostiOTi. The muades of the third and succeeding 'branchial arches ore 
largely concerned in the mechanism of swallowing whereby the food n 
passed mto the resin ptrt of the alimentary canal 

In the human booy somatic and visceral muscle may be intimately 
mingled to serve a common purpose. This » the case with the muscle that 
raises the upper eydid {Unaior palp^tu tuptnoru) and with the muscular 
strand {gtdtmaaibm texfu) wtuch ts asaooated with the descent of the 
testis tnxo the scrotum. 

The atructum and dlspoaltioQ of viaceral muacle The fibres of 
vuccrsl reusde are clonMted, spmdle-shaped cells with a central oval 
nudeui. Tlxcy range m length from a few micra up to half a mUbmetre. 
On treatroent with macerating fluida, fine longitudinal stnations for myo- 
fibrils) become evident m the cytoplasm, but these are much leas con 
tpicuous and defimte than the royofibnU of a somatic muscle fibre, and 
they have not yet been certainly observed in fresh tusoe. Occasionally a 
few irregular crois-martingt are to be teen in the cytoplasm, whldi are 

mterpreted IS contraction bands fixed on the death of the cell Tbereisno 

true sarcolemmal sheath, and the mdmdusl cells of plam musde arc 
supported m a Mtnx fine rcocukr tissue. There is some imcertaktr 
whether the otHs are always reafly separate anatomical units, or whcth» 
thej ar.^t kMt m to™ tm«,-fattrconMrtcd by fine prowplumic 



bndge*^ On the vrbok the evidence b agilnit wch an iiii n g f jn e n t ■ 
vertebrate*, thoogh In invertebrate* a true tyncytnl connoiOT betww 
Individual ceU* U quite commonly found. The c^er mo*ck 
a* tho*e found In the vralb of the *nullcr blood ve**cb, naj be nro 
iTTcgubr m *hape — flattened and branched. The e*» e otitl mtitax ^ 
•tance of a pl^ mu»de fibre b the proton myotin, and 
polarlicd light indicate that in It* mkcllar partem it b idcotkal with tac 

anbotropic dbc* of atnated muscle (tec p. iia) ‘ , 

Vbccral mutculiture b generally arranged in ahect* or and 

in con Cre te fasciculi like somatic muscla* In the conncrtiTC tbsi ^ . 
integument and ebewhere, the celb art scattered quite irrcgulinT 
nngly or m small groups. In the vralb of hollow viscera 
•tructure*, they form de^te layer* or coat*. Where they serre 
alter the lumen of * tube, the fibre* are disposed ahnort entu^^^ 

circular manner and the lumen can thm be conitneted by their (xottw® 

and dilated by tbelr relrration. If in addition, the 
required actively to propel the contents of the tube, it b se puatw ^ 
least two dltiino: byers m which the fibre* are dbpoeed 
loogitudinaTly r e sp ec ti vely Thb is the case in t he w 

alimcntiry canal wHot an inner canaibr coat a covered supotoi^^ 
an 6uter longitudinal co*£. Thb simple arrangement a 
elaborated In taccubr vireera where the tooTejaent* art rocae compc^^ 
Circular and lonsitnditttl muscle coat* are in a sense 
though they are both concerned In effecting the same general morm^ 
In propeUmg the fluid content* of the mteatine, for irtftance, thecno^ 
muscle imdcrgoei a wave of contraction vrfilch forms a ^^****^'®**^2j?? 
travelling down the length of the panal, preceded by a dib titi nn . 
the btau of the peristaltic movements of the intestine. A local coutts^*^ 
of the circular muscle, however would tend to drive fluid contents in 
direction were it not for the tWt that tbe longitudinal muscle sbove W 
constncticm ring stmuhaneoasly contracts so as to raaC tbe pressure ^ 
sbirtcning thb part of the tube. At the site of i constriction nng, «b o» ^ 
longitudinal muscle fibres are anchored down momentarily i J idi scnug 
in their contraction from tins baab, they puH op tbe wall of tbe lower p«rt 
of the intestine over the content* which are being forced downward. 

In tbe large inteatmc, the content* of tbe r«n»1 gradually become 
m consistency by the shsorptian of water through tbe mucoa*. Here tbe 
longitudinal muscle coat b incomplete, bang dmded into three separate 
bands, the r<TfaT<Tf cob between wmcb the^froilir muscle coat is exposed 
to the surface. This amnganeot iDows for the continuous reguigititton 
of tbe fluid contenti durmg penstalau until wata absorption b completed, 

K Fbciter Tbe blf t tf bif ea ce ol e trirted aod mo wh wni^U 
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whik the loUd content* being actively gnpped by the circular raiacle, 
are forced on. In the tcnmnaT part of the lai^ intestine — the rectum— 
where the content* have aonaally becoo^ quite solid, the longitudinal coat 
a again a contmnona layer 

Anatonncal studies by Carey have cstabluhcd the fiict that both the 
longrtudmal and orcular muade coat* of the tmall mtotine are really 
dupcttcd in a left handed hchcoidal arrangement. The circular fibre* arc 
wound m a clo»e apiral, making a complete turn about everv J to i rpm. 
while the longitudinal fibres form an open spiral making a complete turn 
every 50 cm. or so It mav be inferred, therefore, that peristaltic move 



A 
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the intestine involve a left banded terew action and thi* has been 
cipCTimentally Carov point* out that, of two contraction wave* 
one point along the two muscle coat*, the wive in the 
longttuQinal coat wifi be trananimKd fitrthcr in a given time th«n that m 
j closely wound circular coat. 8inre a contraction of the longitu 

V ^ ^ ihOTttnlng and dilatation of the gut, it follows that 

^_ware (rf constriction due to the contraction of the inrcular fibre* must 
he preceded by a wave of dflatation- It may be noted, moreover 
me dUiting actum of the longitudinal muacle will prodoce an elongation 
e aroilar muscle thus providing an effective itrctchmg stimulus for 
<»ntracnon of die UttCT 

^ ^ tlitDeatary canal and other tubular structures, the 
their coat bcormc* thickened locally to form sphincter*. By 

doslnp^r^^ *ad relaxation, these control the passage of material by 
5 Of opening up jnncnoiial connexions. For example, the ^onc 

R*C 21^ Stuiiia ock the ttructure end Emctfcm of th* mall faitettin* Amt. 
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•phincter giurdi tbe opening ofthertomtcii into the *nttJJinte»tiDe,*nd 
the neo-atcaU «phmcter control® the opening of the Into the krge 
mtestiae. At we thtU tee, tpHsctcnc mechuutms of a tirptlif land art 
alto found In certam pcnpbw blood vttteit, where they play a part in 
r^pdating the (Attribution of blood to the tbtoa (p. i86) 

like ftnated motcle fibrea, unttnped fibre® are brghly tpedallxed for 
the funcoont which tbe^ hare to penorm, and do not comnimly nndeigo 
ptolifertnon by cell dxvmon (thon^ thit hat occationally been obterred). 
The hypertrophy during life of plain mateje (at, for ettmplei In the nterw 
daring pregnant) It dito aJtnott entirely to the enlargement of mdindual 
fibres and not to an mcreate m thor rminbcr It bat been that, 

by thu procet®, tmooth muscle can increase itt bulk eight timea.' 


U THE NERVE SUPPLY OF VISCERAL MUSCLE 

It hat already been noted that tomadc nmsdet depend m the firing body 
for their contraction and the mahueoanee of their tone entuely cm nerrout 
connexiona. A denerrated somadc mutde it coanplctely fiscad, and 
relaxation u therefore atmply obtained by inHbtoon of the nerrout 
tmpulKt which atimnlate co a tr a ctioo. Vbonal innscle:, liow criu retaint 
poweca of aatmoUic tad tponceoecut contracdoo without the o eciwaity of 
a neural ftlmalut. For thia cetton, tt requret to be tupplied by two 
of nerrta, one for produong ccntraoioo and one for pnwudng rehaanon. 

The d^ble motor innerr a non of the nscera a ptor l ded ^ the anto- 
nomic nervous ayatem (p 360X the contrasting rolts bong plired on the 
ooe aide by the thoradc tutoooroic nerrea ft*, the lyinpitbeoc) and 00 
the other aide ^ the cranal and pelvic autonomic nerves (he. the para 
ayrapathetic) Toe fibrea which ultimately reach the muade fibrea art afl 
post-^gangfiooic end non myrlhuted. They end u extremely fiiiebnmcbes 
which break up into varied rermlnatkau doadr applied to the aorfcce 
of the muscle ceUa. It has been generally stated tl^ anlJke the motor 
nervet of strutted muade, they never end intra protopitsmically Boeke, 
bowerer has described fine oerre fibrils actually penetrating Into the 
cytoplasm of the muade cell, and this has been confirmed by Hm 

Ganglion cella are usoally abundant in the muacular coats of the viscera, 
forming pcnpbetal plexuiea. The Utter provIiJe an intnime neural 
mechamsm through which the sequence tad thytba of mvtcuhw cootitc- 
tioo can be laitteXcd end co-ordinated mdependratly of central connmoos. 
For example, ahhough tsakted strlpa of pUin mus^ may undergo simple 
rhythmic cootractroot m the abseiute of any nervous tliaue, the elaborate 
pcrktaltk morements of the amali tateadne cease if the actirities of the 
penpheral ganghomc plexua in the moscuUr coat ( myent er i c pkxus) are 
Interrupted by the cppUcatwo of nicotine. On the other han^ they are 
K. IL Uber di* H yp » fO optu» ttr flMtM blnbultur' XXirfft. JMri M 
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not tbolabed by iccaon of the nerve fibres rumung to the intertmc from 
the sympathetic chtm and collateral ganglia. That the mycntcnc plexus 
also controls the directicm of contraction is indicated by the expenment 
of ri > wM ng a portion of intestine and replacing it in a reversed position. 
This leads to a blociagc at the site of the operation, for the penstaltic 
movements m the reversed intestine npw pass in a retrograde direction. 
The pattern of the neural mechaniam of the intestine determines that 
wherever a local sUmuhis la ^>plied contraction of the amilar muscle 
occurs immediately above and relaxation immediately below It will be 
apparent, therefore, that once the paasage of the content! has been started 
It will tend automatically to contmuc down the length of the mtestine. 

Benaory nerve ending of varying degrees of complexity have been 
desenbed m visceral mwle and there is some evidence that (at least m the 
musculature of the bladder wall) some of these cndmgi icrve the function 
of aU e t efa receptora,* 


13 CARDUC MUSCLE 

In many features, carduc musde fibres occupy s position morpho* 
logically between those of visceral and somatic muscle. They reaemblc the 
former m tbeir denvation from splanchnic mesoderm, tlw innervation 
by the autonomic system, snd m the central position of thar nuclei and 
they approach the l^er m bemg cn3«s*strutea Cases have been recorded 
of mdmduils who are able m some de^ee to change the rhythm of the 
heart best by an effort of will, suggestmg a functional approach to volun 
tary musculature, but the mechanism of nervous control is fundamentally 

r e different Cardiac musculature is stnctly hnuted to the heart (and 
immediately adjacent part of the large vesacia which enter and leave 
It) and Its funlmon Is to maintain a regular rhythmic contraction which 
moat contmuc uruntemiptedly from the first few days of embryonic 
CTTslcoce up to the end of life. 

Cardiac muscle fibres consist of elongated cells which frequently branch 
and are not defined by any clear cell boimdanea. In other words, the whole 
extent of the heart musde forms an uninterrupted syncytrum. The fibres 
arc joined cud to end m contmuoua ttranda, and tbear tide branches run 
freely from one fibre mto another As already mentioned, the nuclei arc 
centrally placed made the fibres, ususUy icatlered s^ly at fairly regular 
mtervals, but sometimes closely arranged in rows. There is some doubt 
whether the fibres have s sanmleounsl sheath it a generally believed that 
tha It so, but the sheath a much finer— and lo less easfly dcmonitrable— 
than m somatic mosde. 

In the fibres are fibrils quite simflir to the myofibrillae of skeletal musde 
m thnr jtgmtnUl inMgHDcnt of Ijght and dark bindi and m the chanra 
wbch they tmd^ m contracaon. Thoy grre mo to the cb^nOcrMc 
aca-nmvan of the fibre, a. a reholo, hot thn i. rendorediometrfu^ 

"~>d. »»«i. 
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mdutmct bcouie they are embedded in t relatirely Urge amoont of 
gnmolar itreopUttn. On the other hand, the kmgitmWl ^ 

particakrfy cnnapicuout. The moacle fibre* arc acparited into aegnml* 
at abort intervaU by tnmaverae banda which atain deeply with man y ataina, 
Tbcae are called vtiercaJaied dtsa Thar aigmfictnce U a of 

argument, one view holding them to bo equivalent to cell membranca 
■e p a r a rin g one cell from another and auotha view mijntjmtng tW they 
are analcgoua to the amaotropac duca of the znyofibrilt. In irvocr of the 


nrat conception a tne tact tnat tney warn deeply with ailver aalta, they occur 
at rather regular mtemls, end th^ aeparate fibres mto ahort tegmenta 
each of which umaHy containa one nudena, Alao, if cardiac tnaae U 
macerated with strong alkaha, the muscle fibres break up completely so that 



Fn.57 DUaemt Hu f UnIm thsa— ntUlfasngwqfcsnBscmiadc. Not* dm tbe fifara 
hm cash afaials, emtDr dtuitfd ftorVoi- cad tfae tber ■» io i y a. 7 li »l caetfaoitr 
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these a^menti become separate and isolated. Against the view that they 
are cell membranes is the £ict that the myofibrilLie run in onmterrupted 
continuity through them from one segment to another that they are not 
present m embiTonic heart muscle, and that th^ increase nninencally 
with age ahbough there is no conespotidmg cell dmaioti. 

It should also be noted that an mtercaUted due does not always run as a 
straight transverse line through tb© fibre — commnnJy rt extends scroas in 
a senes of short steps. H o w e v er even if the discs are not anatomkally 
cquivalait to real odl membranes, there is evidence thst they msik a 
fimcuanal boundary betwoen adjacent segments which may be regarded 
as B'mri mdependect In tusue-cohure expen men ts, Lewis has 

observed thst two csrriiar mosde ccUs, ppf>enmify In direct ans tominl 
contmuity may contract rhythmlcaDy at different rates, su gg e stin g thst 
they are it least functioiially lodependent to some extent.^ It must be 
admitted, bowover that were observed under qmte ibnonnsl 

conditions — it would hardly be festible for adjacent cellt m the living heart 
to be out of tune with c sch other in their contitctlofia. 

The syncytial character of cardiac muscular tissue t» its most distmetive 
feature. It provides the anatomical baau for the spread of a wave of con 
traction over the whole heart Thus, Kke the mdividoal mnsde fibres, the 

W H, L*wto. The ctdtlTcfaD of cnbrTWifc mcade C »f n >. M E mif jm L, 
Cwwvtr/M. 9*6. 
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*11^ nothing pnncjple »ppUet to the coottaction of this organ is a whole. 
There art leTtral rcaaons for aupptmn^ that the contraction wave la m;yi> 
getuc rather than neurogenic m ongUL Perfaapi the most convmcmg 
endence ti the anatomial obacrvation that the heart start* beating 
Aythmically m the anbryo before any nerve fibres have reached it and 
before any nervous tneuo la incotpora^ In it* wall*. 

Contraction In each cardiac cycle t» initiated m a unall tnaa* of tiaiuc 
(the mo-ainiil no<U) at the site of entry of the great vein* into the heart 
Thi* 1* aomctime* referred to as the Mce-maicr' of the heart, and it was 
first described m 1906 by Keith and Fla d u 

The tmo-atnal node coniiit* of muscle cdl* which arc lomewhat 
yrmtlwr to tho* e of ofdmary cardiac muscle except that they are more 
slender and fimform, they branch very freely and anastomose m a plexi 
form rr«Tin^ tnd thar cros*-*tn*tioa u los datmet They contain a 
high proportion of glycogen, Tbe cells arc mmgled with nerve fibres and 
nerve cell*, and are embedded tn a oonaectiTe tmuc basis. From this 
node the contraction wave spread* over the atna of the heart to the atno- 
ventncular junction. 

In lower vert^rates, the musculature of the atm a freely continuous 
with that of the ventnde* around tbe wall of the atno-ventncuUr canal. 
In higher vertebrate* — including mammaU— the atno-ventncularjunction 
is mainly composed of a nng of fibrous tisue, and only m one region is 
there direct musculir cootuiuity llus is effected by a speoil bundle of 
conducting osaue — the atnchvencnadar or A frundZs The litter 
begins in a draimscrlbed mass of tissue in tbe lower part of the mteratnil 
septum called the aino-x>tntnadar node eomilar in its structure to the slno- 
atml node From here it extends down atber side of the interventricular 
septum ultimately to reach tbe papillary muscles of the ventricle. In some 
mammals, partiailariy in Carnivora tnd large ungulates, the bundle is 
composed atypical cardiac muscle fibres called (after their discoverer) 
Pttrht^t fibres These are con^icuou* for tbeir large the 
of their Iftn sv er se stnation, and the penpheial position of their myo- 
fibrillae. Similar fibre* mav be found m the stnal musculature, ImVing up 
the smo-atRsl with the strto-ventncnlar node. 

The whole of the conducting system is nchly vascular and the terminal 
raimfications of its constituent fibre* apparently nsi without interruption 
bto continuity with the ordinary cardiac muscle arc*. In *0010 mammsls 
indeed, mchidmg man the fibre* of the conducting *yst«n are morpbo- 
loticallv hardly distmgutthable from the rest of the cardiac muscle, and 
while they arc somewhat more branched and thmr stnation a less distinct, 
they are not larger m sue. 


The A V bundle evidently serve* the purpose of transmitting the 
cOTiraction wave to all part* of the ventnclc* almost simultaneously and 
thus pcnnit* of a more even contraction m ventricular systole such as 
not be pooible if the atm were m broad muscular continuity with 
remnde* Some authontie* have regarded the conducting tmuc a* 
SJ “ a^ryotuc ^ geoeralaed type of carduc muscle 

which hi* failed to complete lU differentiation. However the tissue can be 
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difUngunhed as a Bcpcnte and ipedallxed tystem eren at an only atago of 
embryonic derdopment, and comparatiTO ■nttnfnial atudic* haro abown 
that the ayatem ia o nly to be found in the vaaim blooded T crte bratea — 
mftmmata and birds. TTiaa from the erohitionary point of view h a to be 
regarded as a neomorphicderdopinen^ perhaps nmihtating the more rapid 
movemcnti of the heart ^ rehitxon to its aire) which are req u ired in 
warm-blooded animals.’ Since the A V bundle provides for the nonnal 
rhythmical aequaice of atnal and vcntncnlar contraction, thia aeqoence a 
grcnsly dutnrt^ if it ia damaged by diseue. 

It has been noted dutt canhac moacle cells have been observed to con- 
tract rhythmically in tiasoe cnhurca m the absence of nervous tissue. Tha 
inherent pro p er ty of rhythmic contractility how e ver is not to 

cardiac mosi^ for aa already noted, it hia betxt observed in cultures of 
skeletal muscle fibres, and is also characteristic of plain mosde. 


14 THE NERVE SUPPLY OF CARDIAC MUSCLE 

While there remaina no doaht of the myogemc basis cf the rhythmic 
contraction of the heart, the rate of ha contraction u under the control of 
the nervoos systean. LDre visceral muscle generally the heart has a double 
innervation rymptthc^ and pa m^iupath eoc £bn*. The pan- 
sympathetic fibres are supplied by tns vagua. Anatomically the srapa 
tbe^ fibres on reaching ^ heart are very fine and varicose, while the 
panaympathetic fibres are thicker and more wntfnrm. The former end 
m the mttacuktnrs of all parti of the heart, while the latter are confitied m 
their diatribaCioti to the »tTT< »nd the atno-ventncular bundle. Ganglion- 
are found m the waQs of the atna and in both sino-atnal and itno- 
vcntncular nodes, bat not in the ventncles. They are related to the vagal 
fibres. WooHard has shown that the motor fibres end Intra protopltsmi 
cilly after spmning a plexus roxmd the cardiac masde cells. Fine ter m m i l 
fibres can somedmes be seen rinming froon one fibre to another throogh 
the protopliamic bridges which connect than together In addition to 
motor fibrea, there ore also abundant sensory fibres which form fine 
plezQtes in the ntin moscular tuaues of the heart. Expenmental endencs 
indicates that they belong predommandy to the vagus, and their branched 
endings provide the sonsoty rec eptors which are involved in ctrHbn 
reflexes. 

F IJsTtoi, TTxcoodoettngiTscmqftii* Tsrt«t r iab«*ft*, * P4a. 
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THE TISSUES OF JOINTS 

T he miniier m oae bone HTtlculflte* with'tDothcr m the htinun 

body vanes very ccmsidenibly Thu vinaGon u r^ted to the presence 
or tbfCDce of moTement at the joint, or to the type of movement which t» 
required. Many jomta are quite immovable th^ represent growth lines 
at whidi the accent bonea continue to expand by aiirface accretion, or 
f unply mark the Imei of contaa between the morphologically separate 
bony demeota whidh enter mto the composition of a amgle aoUd atructure. 
Movable articulationa range from jomts at which little more than a abght 
play ta allcrwed when they are fubjected to attain, to ball and-'Socket joints 
which allow of quhe citensiTC mobility 

For convenience of description, some classification of jointa la desirable 
There are several ways of doing dua but, on the whole a broad functional 
dmaon u the moat practicab^ Thua, one may recognize immovable 
jointaoriyjwr/AroJ« trecly rriovable joints or <iujrtAroj« and,a8tnmtcr 
mediate category '^amphakhtota or partially movable jomta. All diar 
throses are fonc^ by csmlage^covered articular lurfsco, separated by a 
joint ca.vi t y ^ which n partly lined by synoml membrane and contama a 
lubnomng substtnee, the aynovtal fluid. In synarthroses and amphiar 
throaea on the other hand, the ardculating bo^ are united directly by 
fibroos Uaaue or cartilage. 

When the membranous precuraots of skeletal elanenta are first laid down 
in the embryo thw are all loincd directly with each other by mtsen 
chvrnatoua tmue. With further development of csrtiJage and bone, this 
tmuc becomes compressed mto a fiurly compact plate — iihr, g^f^hrr ihtr — 5 
in which the component cells are flattened ^ the pressure of the opposed 
articular surfaces. PenphersUy the disc is continuous with a capsular 
layer which r ep reaenti an extension of the penchandnum or pcnostcum 
from one artjCTlating element to the other and from which the fibrous 
capiule of the joint ta subse^entiy differentiated- 

In the ewe of dauthrodial jomta, a clefi^pesra in the articular due and 
enlarges gradually to forma lomt cavity The mesenchyme cdla hmog the 
cantv b«cine differcntisted to form a mesothehum — the lynotanj 

memirram In some diarthrodral lomts, remnants of the articular disc 
may persist and become crgamieo mto csrtilamnoua or compact fibrous 
tmue, which provides the basts for the devdopment of zntta articular 
roefuad or catidUgea When present, these structures are pennsnentlv 
mterposed between the articular aui^ces, separating them partially or 
completely Most of the jomt cavities m tl^ human body have made thar 
appearance by the tenth wee k of embryonic development. 

Homologoui jomta m different mammals vary in the range and direction 

Under noroal drewortgoew tld« am b Uttf# raofe thw ■ potentbl arftY dno 

me«>ppo«d*triactiTOmmctdy*ep*rtt*dby Uiin film of ^ 
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of thar mobllrty in relation to different habiti of life, and these fonctiooal 
vanatiora arc reflected in the anatomical confignratiQn of the articalitnig 
eJementa, Aa an example, reference may be madw to the temporo-mandi- 
bular joint. In tome camiroroua mammals movement at joint a 
limited to the vertical plane and the articnlar surfiu»a are ihiped lie a Inn^ 
In hcrbivoroua mammal a, where sido-to-aide movements are reqwed for 
chewmg, the surfecea are flattened and more extenarve. Yet it a alwro 
somewhat surpnalng to the stadent of human tnatomy to find tK«f in 
lower mammals the shapes of jomt aurfluxs often resemble so ckady those 
of man even where the functional requirements seem very different. In 
some cases profound modifications may occur m response to functional 
demands, and a jomt which in one *pccfes of mammal allows movement 
may m another be completely fixed. For the inferior tibio-fibnlar 

joint IS provided with a sy nonal cavity m mow vnlrrali m which the 
demands tor agility require a supplencaa of movement at the la 

others, where the fiictor of atabdhy u important, the lower ends of the 
tibia and fibula become united by cartilage or bone. The erolutunary 
conversion of dkithiodlal joints mto aynostoaea la also de m o nstra ted by 
the cemcal vertebrae of the Cetacea. In these mvmntaU all movement 
between the cemcal vertdirBe has been kwt, and the individual boocs 
have become fused together In a compact mass. 


I SYNARTHROSES 

Besides the fact that they are not formed for the purpose of movement, 
these jointa have certim other fcatnres In coemnotu They represent a 
persistence of the embryoiuc stage of development when the arucnlating 
elements are united by a aobd art^ailar dbc. The subsequent orgamaation 
of thiv disc depends on the natnre of the articalatmg eleme n ts. Where 
these are cartilage banes, tbsybecomejamedbyaplateefhyalmecartiUge 
m the case of membrane bones, the union is effected by fibrous tlaaite. 
Synarthroses ore also tmJlar m their lick of permanence. Mai^ of them 
became obliter a ted ai soon as the growth of the akdetoo la completed, 
while otberv tend to disappear by futum cf the bony elements in early 
maturity or middle age. 

SynCbondroMS Immovable jomta which are of an entirely temporary 
nature become obliterated as soon is the growth of the articalatmg bony 
elements is complete. Such are ryacAondnuar in which the bony surfaces 
are imitwl directly by a plato of hyaline cartilage (Fig 58 b) An obnoca 
example of tlua tjrpe ot lomt is the union b et we en the diapbyvia and 
epiphym of a long bone by the epiphysial cartilage. The ktto prondes 
for the contmued growth in lengtn of the bone, aa already deserved m a 
pi e no ua chapter When matun^ is reached, the cartilage la converted 
mto bone by the extension of osci&stlon from the draphynd aide, and the 
epiphysfa becomea fused or synostosed with the dtiphTia. 

Syochondrosea are also foi^ in the base of the akull between the basi 
ocaprtal and basi-tphenoid bonea, and b et w ee n the cx-ocophal and the 
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petrous portion of the temporal bone. The cartiUgmotn plates here are 
to be regwded as permtent parts of the foetal chondrocranium, and thty 
usually become ooliterated by ossification by the age of 35 ^hen the 
growth of the base of the skull is completed. The histolopcal appearance 
of these cartilagmons plates is qnite similar to that of an epiphysial 
cartilage. 

S u t u res In these articulations, denticulated bony edges are firmly 
mteiiockcd and joined together by fibrous tissue (Fig 5®^) Sutorea are 
to the stall, and this u related to the fact that here the growing 
enclosed m a rigid cramom the vault of which is composed of 
several membrane bones. The latter (panetal, frontal ocapital and tern 
pcTsI) come mto contact at their margins as each bone gcovfs penpherally 
from Its centre of osuficstum. At birth the appro nm ation of the individual 
bones ts still incomplete, for at the bregma (the meeting point on the top 
of the ifaiQ of the frontal and panetal benea) a large gap ranams, dosed 
only by fibrous tmue. This a the anterior fontandJe which normally 
be«HDca obbterated by the end of the second year * 

'ITie SQtuits m the mature skull vary somewhat in thtar complexity and 
also in the otent to which the articulating bony margins overlap Cta the 
endocrantsl aspect of the skull, each suture rum a much stnugbter and 
more even course than on the outnde. 


As we have seen In a prenoos chapter there xs expenmental evidence 
to suggest that the potiaoa of sutural hsa* is morphologically predeter 
minedbefore the proce u of ossificatiOQ is complete, though tmre may be 
mdiridual variations m the detalla of the suture pattern m the aduh laulh 
Corresponding sutures may show considerable differences m tbor com 
plexity and there msy be scattered along them little separate ossides 
^Voriman bones) which are formed by the detachment of osmfymg ipiculea 
at the margins of the gro w ing bones. In hydrocephahia, wb« the rapid 
distension of the brain mterferes with the uonnd process of osuficamm 
of the membrane bones of the skull, these ossuJes arc particularly numerous 
snd large. 

Qoaure ol sutorea The membrane bones of the akull expand in 
their growth mamly by deposition of new bone on their outer surface 
and absorption from thar deep surfree Sutural lines do not, therefore 
represent the only tones of growth of these bones. Nevertheless, there a a 
brtad relation between suture dosure and the growth of the akuD as a whole 
In conditions m which the bram ceases to grow u in microcephahe idiocy 
the sutures become obliterated early Premature dosure of certain sutures, 
also may be associated with duractemtic deformibea of the tkuIL For 
example, if the sagrttal (interpanetal) suture becomes synoetoeed too early 
increase m breadth of the cranium appears to be limited, and in order to 
provide for the expanding brain the skull grows ibnormaUy m length, 
producing a variation m its sh^ known as tcttpfiocfphfil y' Again pre- 
mature obhtcimUou of the coronal (fronto-panctal) suture may be associated 
with an increase m the height of the skull, or acroctthilv'. However the 
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rcktion between these dcfonmties and prematare aynottoab k by no 

meana consistent 

Nonnallr the craruil sutures start to become oblrtersted at about the 
age of 30 This process occurs first where the futures are most siinple, and 
the complex sutorea are the last to disappear I£ foDowa from tins that 
aynoatoeia first becomes evident on the cndocramal aspect of the 
Thc dates of the closure of indiridnal suturt* and the order m winch it 
takes place have been worked out m conaidcrable detail by Todd and 
Lyon,* From the statistical data compiled W thtae obaerrera, it appean 
that the mdmdual vanaHUty ta too g r e at to allow of more m approxi 
mate eatimatioo of the a^ by a consideration of the state of the autuiea. 
Parsons and Box found that the cloaore on the endocianial aspect a more 
reliable f rom this pomt of view They also observed that suture closure 
occuii aomewhat earlier m the mx. 


The factora which determine the tune of synostosu are still quite obscure 
There aeema to be a relation to the growth of different parts of the bmn, 
but the nature of this rekuon a not dear The suggestian was at one time 
put forward that premature dosure of the lutuics might p r ev en t the brain 
trom attammg tta normal size. It was even supposes that certain cases ot 
rmcrooephaty were due to this cause, and surged opexadems were devised 
with the purpose of separating the booca sgam m order to allow s nonnsl 
esptnsiQn oftbe biam. However such operatians never met with succesa, 
and It IS probable that premature synostnals In this condition u secondarily 
determined by an arrest in cerebral developmesL 
Raaal vanitKins m suture closure have not been studied m great detail 
with the exception of a compinson of Negroes snd Whites by Todd and 
Lyon. Thu study showed no differeiice m the sgc or order of obhterstioo 
of Dormsl tuturea. An mtcrcstmg racial difference, however u shown m 
the shnormil p erau t eo ce of a suture between the two halves of the frontal 
■bone — the motoplc suture. In man and the higher Pnmates thu usually 
becomes obliterated m early infancy It imrdy p enis ta in pnmitiTC races 
( I per cent. mAustrsIkn nsthn and Negroes) but in the pe^ei of North 
em Europe it occurs m over 9 per cenL of skulls. The suggestion has been 
TTrtdfi th^ dns persktence is rekted to the increasmg crpinsion of the 
frontal lobes of the brain, and b ther efo r e to be regarded as an index of 
mteliectual status. How e v er there ap pe ar s to be no correknon between 
s penktent metnolr suture and crania] capacity in individual esses, snd it 
k well known in nts n y pmmtive nauunak, mdodmg the lower 
Primates, the suture remains patent. Bolk has advanced the theory that 
the condition k related to the extent of the attachment of the temporal 
muscles to the frontal bone. When this is large, the mechanical strain 


tra n smitted to the bone prondei a stimulus which leads to eark synostosk 
of the two hthts. In the higher races of man, the origm of the temporal 
muscles from the bone becomes more insignificant Avaflabb evidence 
from rrfliw sources, h owe v er suggests that the closure of thk and other 
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iutures depends on mtrmsic growth fiictorii rather than on crude mechanical 
influences of ilro i and stram- 

In lower m^mmak, as It wdl known, the order and degree of future 
obliteration show a pattern chartctenttic for each group and it has 
hitherto proved impotwble to relate thcac pattenu connstently to any 
one factor It hat been observed that, within the luruts of the rnmates, 
the of doaure of the cranial ttrturea m a comparative senes becomes 
proffressiTcly delayed m rclatkm to the growth of the body as a whole, 
leaihng from the Old World monkeys up to minu* 

Besides lyncbondroset and tutuiet, two other types of synirthrodial 
joints have been defined. These are the ytanMow. m which the loint con 
tuts of a peg fitting into a socket (e g the artioilanoa of the teeth with the 
jiwt) and the tihtadyUati in which a bony plate fits m a groove (e g the ' 
articulation between the vomer and the bony palate). 


7 AMPHIARTHR()SES 

These joints differ radically from aynatthroses in the fact that they have 
no relation to the growth of the articulating bonct and arc therefore com 
pletely permanent and in permitting tome degree of moTement. Two 
types are recognised, t^ndemotts and t^mphyta depending on the nature 
of the tiasue which umtes the articulatiog surfaces, 

SynAatmoiiew, In these jomtt, the opposed bony suifaces are bound 
together tunply by &rous tiswe (Fig 58 c) Tbc infenor tibjo-fibular 
joint u usually quoted u an ccample of a syndesmosu, but, m so far as t 
small reectS of the ankle joint projects up between tbc two bones, it may be 
said to contam a synoviai cavity In tms joint, movement w hmhed to a 
■Ugfat amount of pUy which allows an insignificant de g r e e of separation 
bet ween the two bones m domflenon of the foot, 

SvmphvBfB’ ' 'Ihe etsmtial anatomical features of a sympbysial joint 
are (x) the articulating bony surfeces are covered by a l^er of hyaline 
esrtua^ and (3) these cartilagioous surfruxs are umted by fibrous tissue or 
fibro-atrtiIa|erFig 58D) This latter may form relatively thick discs which, 
by virtue of tuar elasticity allow a slight degree of play between the 
articulating bows. This 11 the case, for example with me joints between 
the bodies of the vertebrae which are separated by mtcrvertebral 
The cumulative effect of slight movement betwosa one vertebra and 
another u shown m the fkxibility of the vertebral colamn as a whole. 
This is partly explained by the fact that m the centre of each disc is a 
of semi fluid pulpy malcnal (the nudnu pulpojus) which, madentally is 
believed to be denved from the remnants of the notochord of the embryo 
This ccntml core not only sugments the torsional dasticaty of each disc u 

awhole,but,functionmginthemanncrof awster-cushion italsoaddstoits 
resilience as a buffer minimmng the effects of intermittent stresses 
transmitted along the length of the vertebral column. 
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Thcmter pubic jojntataothertaninplc of | tymplryn, One mtcrestmg 
feature of tiiia jodnt is tbit it utnally contains a rudnnciitaiy canty in the 
form of a vejl lc a l slit like deft in the middle of the fibnxartilagmous plaip- 
It has been observed that this canty becomes enlarged in women at the 
end of pregnancy leading virtually to a transfonnatKic of the symphysis 
into an dementary diaithrodial jofaiL This change is evidently in adapts 
turn to the requirement for t greater f reedom m mo v ement between the 
pubic boDes to aQow the pastige of the foetus dnrmg parturition. In tome 
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lower mam mils (e^ the guinea pig and gopher), the pubic bones become 
quite widdy sepanted in the fenutle m pr ep ar atiop for parturition, and 
tie then conoerted only by a thhi abeet of membranous tissue. In the 
gumes-pig the separatim commencea at the middle of pr egnancy and 
nlthmi gp the bona are approximated to some degre e aner partuntion, 
they nerer become closely joined again.' This process is determined by 
hormonal influences. It hss been shown, for example, that separation of 
the pubic bones can be produced in castrated male gophers by the injection 
of ovanan ertra ct. Barrows has found that the nme phenomenon am be 
mduced m female mice and alto m normal and castrated male mice by the 
actioQ of oestrone, even though a separstion of the pubic bones never 
occurs in the mouse under normal coodituma. 
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3 DIAJmmOSES 

The mcntul stnicture of a dtarthrodial joint may be conveniently 
dcjcribcd by reference to a dagttmmatic aection through the elbovr joint 
as shown in Fig 59 From this fi^[urc^ it wifl be seen llial the actual 
articulating sur^cc* of tbeac bones are covered by a thm layer of hj’aline 
or amcolar cartilage, Elaevrhere, the cavity ofthejomtrs lined by a deUcatc 

lynoTul tDcmbrane which u tunilar in general macroscopic appearance to 
a serous membrane. The avnonal membrane rests on a tub^ovial layer 
of connectiTe tissue, and outride this the whole jomt is enc losed m a cap^e 
of fibrous tissue. 

In some jomts a varying portion of the adjacent non articular surfiice 
of the bone may be included widun the joint cavity m which case the 
synovial membrane extends over rt from the mirgm of the ar ticul a r carta 
Isge for tome distance before it is reflected on to the inside of the fibrous 
capsule, and the latter Is attached to the bone at a correspondmg distance 
from the actual articular surface The synovial lining may also be com 
pheated hy the fonnadon of folds whi^ project mto the jomt canty and 
increase the surface arcs of the membrane. The fibrous capsule usually 
devriops local thickenings m the form of bands or ligaments which not 
only aid m maiottinmg the articular surfaces m contact, but also play a 

part {n r M tr aimng tr>mrement« In egrtam dir erliiTm. 

Synovial membrane Up to the fourth month of foetal life, a dar 
thrcdial cavity a completely lined by a cotiUnuous stratum of mesen 
chymatous nasue which c o v er s even the articular cartilage. It is from this 
layer that the synovial toetobrane becomes drffcTcntiat^ Vfbeii, dnnng 
the fifth month, active mtra utenne movements begin, h is soon robb^ 
off the amcular suriaccs by friction and pressure. At birth, the Bynonal 
membrane still encroaches to a alight extent on the margin of the cartilage, 
but With the development of a greater range of movement at the joints it 
almost entirely dmppean here. Other redoos of the cavity exposed to 
fnc&on also become denuded of a inewth^al covering and, indeed it la 
hardly to be expected that such a dehcate membrane could king withstand 
much wear and tear of this kmd. 

Sectioni throu^ the synovul membrane show tb«t it varies somevrbst 
in Its minute anatomy from one place to another In most regions it 
consists of a mesoihriial Immg of flattened cells covering a layer of loose 
CO niKctiTe tissue. In recesses where the membrane is completely sheltered 

from mechamcal stresses, the cells are rounded or polygonal and may be 
disposed m two or three layers. Where the lining of the joint cavity is 
exposed to much pressure and fnctioa, it is compost of dense, impervious 
fibrous tissue or fibro-cartilage. The surface of mtra articular fibro-carti 
lages and tendons u likewise devoid of a synovial Tnwtyjt t.r ri , 

The nature of the celli of the jovial mcsothelmm is still m some doubt, 
but they ore veiy rimihr m their «ppeMnce Md rtaetton, to BhrobUsO. 
U a ■ntal dje (trypan blue) ii injeaed into the knee joint, of tibbita, the 

huttocyte, m the Bibtne»theiUl tmoe ainmil«e the dye at a dmetenffle 

manner but tbe meMtbehai cells (at leait m earlier atagea) only take it np 
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in smill qumutjc* in the fortn of fine granule*. Liter on they react more 
etrongly and asfumc a 'vacuokted appearance. Some of *l*o show 
phagocytic propertic* and may be fou^ to contain atravaiatcd red blood 
corp u a dc* u Wdl as numerous granule* of trypan blue. OtlKrs, under the 
infloence of the irritation become detached and act free as desquamated 
cells in the mflammitory eflFusion In the joint cavity In general, under the 



FiO. 59- DkffTwn of wedoa ChreaKfa Um cfboir to Dlmtnte ttM rmln Se%lun* et 
dlcftlvocUd TIm Mot erritr b Hdc< 1 bj ty o oirtol mrmhna* {Syte) wfakh ttlEodi to 
tb« nargm f tb« bjOcoW cutJue (Co^). OutxUe the tTncrriil nu m tw Bf t* . to 

the fibrou* capBuk (C^ ) m •Soptorlal pod* o4 Ut (Fa/). Br Bndthlk. TtL Trkepo. 

conditions of these experiment* the mesotbehal cefli maintain their thstinc 
live character*. On t^ other hand many of the histiocyte* puth their way 
through the mesothelium to reach the joint cavity where they become 
heavflv laden with the dye. The £*ct that, following deatruenoa of a con- 
siderable area of sjTKmal membrane, the latter can be ertenaiTciy rege- 
nerated suggest* tnat the meaothdnl Unmg b composed of but slightly 
modified conoectire tiasue cefla. 

It ba* been mentioocd that, where the synovial meaothebum b deficient, 
the Iming of the joint cavity b focmed by dcn»e fibroo* tissue the cavity 
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therefore nowhere m direct comnwmciticm with the connective-tiSBue 
»pice» outride. In other wordi, a dauthrrxiudjcnnt is functionally a closed 
cavity even though its hiung mesothehum is inatonucaDy mcoraplete. 
This can be denionstratcd m eipcnmcnta of the type referred to show by 
the fact that^ up to art hours after the injection of trypan blue into the knee 
joint, the hiatiocyte* in the pen articular connective tuaue contain no dye. 
On the other hind, if the dye Is mtroducal directly into the connective 
tiisue, It 11 titcn up very ramdly by these cell*. 

The whole of the lyncmil membrane u concerned m absorption from 
the jomt cavity but thii process occur* most rapidly where it overlie* loo*e 
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connective tiasue and where it is reflected over lubsynovial pads of fat. 
The litter are found in many dlaithrodial jointa fiUmg out folds snd 
reduplicatiooi of lynoval membrane (Fig ^g) They provide for an 
increne m the abiorptive area of the tynovial membrane, particularly 
wnce the mcsothelium over them u often thrown into *Tr\^W compbcated 
fold! which have the appearance of viDi- Inthekncejomttbwareeipecially 
coMpicuoui, and allow a very rapid abwwption which readfly accounts for 
the occaiKrtjal appearance of general icpticaemu in icute traumatic mfee 
tkmi of this loint.’ Erpcnmcntal obactvationi have repeatedly ihown that 
absorption from tynoviai cavitie* i» greatly accelerated by movement 
Thii &ct obviously hai an unportant bearing on the treatment of chronic 
arthnttc conditicmi accompamed by the effusion of fluid mto jomt*. 

Subsyuovul pads of fit ilio •erve the mechanical purpose of filling up 
the changmg tpacei whirfi occur dunng the movement of a joint For 
example, a ^ of frit Uei opposite the olecranon fom on the V wrV of the 
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lower end of the humenu. Thu fossa accommodates the nli^francm process 
of the nlna in fiiU ertensKm of the elbow butdunngflciioiithepadoffitt 
b pre»ed into it by the overiying trlcepa. Similar aubsynovul of bt 
are foimd m relation to the coroDoid and radial feme on the fr^nt of the 
lower end of the humenu. 

Sdll another ftmction ascribed to lynonal folds and pads of £st Is rirt 
of pad oilen which ser v e to eneoro a contmuous film of the hibncatnig 
synovul fluid over the arbcnlar aatfseta.* 

It should be noted that secondary commumcatioiu may be established 
between s3movial cavitKi of joints and bursal sacs m the immediate oeagfa 
boorhood. For example, t^ canty of the shoulder Joint b frequently 
connected with a buna underneath the subscspulam muide through a 
gap m the fibnnu capsule. Similarly the kneejomt almost always beemnet 
contmuoiu with a sopn pstelUr bursa which b developed independently 
beneath the qtudriceps e xten so r tendon. 

Artlcolar cartllAge and synovial fluid Tlie cartHsn covering the 
articular surface of the bonea in a diarthrodul Joint b luuahy of the akiple 
hyaline variety and in thb case n to bo rcxanicd ss a p e nhtm t unoHmed 
liyer of the cartilage from which the whole bone baa been developed. 
When the articular surfaces are fonned from membiane bones (e.g m the 
temporO'Cnaodibular Joint), they are found to be covered with a dense 
byer of fibrous tume or fibm-outOage. Hyaline artxulir ctrdbge u com> 
plete^ anscolar and devtad of a nerve supply As already mestioDed, 
after birth it ho no cov erin g of penchoodrium or synoml membrane, and 
h forma a smooth ghxtening sumce which, lobncited with svnonal floid, 
allowa movements to occur with the irdnima] amount of frktian. 

The gr o w t h and nctrhiQn of articular cartilage present certam problems 
of inter^ The cartibge at the surfree are considerahly flattened, 
and present an appearance which u usually taken to indicate degeneration 
and gradual dumtegratiocL The deeper sone of the cartib^ where it hes 
in contact with actaal bone, b caiafied Proliferation of cartibge ccQs, 
therefore, presumably occurs m the mtermedute xone m order to replace 
the contmual wearing away of cartflsge St the surfKc. Thb attntion n less 
exte nsive rhan nn^t at sight be suppoaed, fbr the ar&cnlsr eorbee u 
protected by a thm film of synovul fluid whmh serves ss s very cffrfVJi t 
lubnesnt As alicsdy noted m a p rev ious chapter prohferatiOQ of edb in 
mature cartilage probably place by amim sii. 

From the pomt of view of its repaiative power and of its resetioot to 
irritants, articulsr cartibge may be divided into central and penphersl 
nets.* Tlie Utter are in imroedbto proxunity to the vBSCubr syiKmal 
membrane through which thCT can denve natnment more readily than the 
ccntralaresa. Tl^ are thaefore able to reset much more vigorxnly when 
exposed to ii^ury Fbher has shown that sn experimental Ictlan m the 
peripheral ar e as u folkmrcd by the active formation of new cartibge. Thb 
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ifl partly the reaiilt of prolifcntioo of the cartilage cells thcmsclvea tod 
pir^y due to the proliftntion md mcttpltsia of the cells of the synoTuI 
mcmbrtDe which is mimediatrfy adjacent. An inoi i o n m the central 
arh mirr trct, OQ the othcT htnd« u foUowcd by no formation of new 
cartiligo — the lesion is sunply repaired by the deposition of fibrous tissue. 
In certam types of chrome trthntis, slso the central cartilage may succumb 
to tir dc influences to the extent that It becomes entirely eroded from the 
surfwx of the bone, wfafle the peripheral areas respond by active growth, 
producing a characteristic lipping^ of the amcultr margin. 

The nutrrtmn of the central area of amcnisr cartilsge may theo r etically 
be denved from two sources the synovial fluid and the blood vessels in the 
subjacent bone. If the latter take any part at all in this process it must be 
to an almost insignificant extent, for as already noted, there is a rone of 
calcified cartilage covering the bone and this could hardly permit the 
diffusion of nutrient material It u generally agreed, m fact, that the 
cartilige derives its nounshmcni probsniy entirely from the synovisl fluid. 

Synovial fluid is a glairy mucmoid fluid of which there a normally a 
very smaH uDount in each joint forming a thin film covering the articular 
cartOage and synovial Hmnp The suggestion has been n^e that it is 
mamly a dmntcgration product of the cartilsge, in which case it must be 
suppeied that in the proc^ of being worn sway this tissue automatically 
supplies Its own lubneant and iti own nutnent j^uluixt 'WhBe it may be 
accepted, how e v er that the fluid will certainly contain dmntegrafion pro- 
ducts of articular cartiUge, there is evidence to show that it is mentully 
fonned by the syrumsl mesotbehum- The vncooty of synovial fluid is 
largely determined by its muon content, but there is stiD some doubt as 
to the ongm of this substance. It is probably derived from the modified 
connecuve-tMuc cells which constitute the synovial mesothelium but, 
apart from some dubuHis histoloycal evidence, there is no reason to suppose 
thit It u the product of a definite secretory act ivi t y It has been toown 
that the concentration of the difliislbk constitucnti of the fluid closely 
approaches that of blood plasms, and that diffusible substances mtroduced 
into the circulation rapidly pass from the blood into it.* It seerDS, indeed, 
that the synovial fluid Is, at least in part, a dialysste of blood plasma. The 
compo^oa and viscosity of synovial fluid vary from joint to joint m the 
same a n i m al , possibly m relatioa to different mechanical requirements. 
The put plsred by the synovisl fluid as s viscous lubneant has been 
discussed by Davies (op dt.) who pomts out that, for fluid hibnauicm, the 
Viscosity of the lubneant should vary directly is load and mversely as 
the velocity The fact that the volume of syniovial fluid mjoints is actually 

mcice» of that theoretically requurd for perfect lubneaflon accords with 
the conchuKm, previously mentioned that it is slso concerned with 
nutritional functions. 

It appears that, from the biochemical point of view synoval fluid is 
•Tb.jJ^k.O of 
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mute tdequjito for mtfutiining the nutrition of articnkr artilige, tnd thit 

this u ccrtiiiily the ewe k pro^ by the ob»ervatKia that »ol*ted fr^menti 

of artiligc, which hive btea detached by injury and ho free m a joint 
canty may not only mrviTe but ctmtmne to grow 

Yaiietles of dlarlhroala Dkrthrtwa ti- rJwifiwi mimTy hy 
to the type of active movement which they p ermi t. Aorre morcnienti of 
joint! are thoae which can be perfonnod vuiontirily by direct mrrOTifjr 
action. But it a of tome tmpoitance to note that, m 10016 diarthrodial 
jointi, a alight degree of movement m directiona which are nottxoiible 
volontinly can be effected paaarvely by forcible manipuktioa- Thl* per 
mita a certain amount of pl^ in thece directione, and presumably serres 
protective fnnetron If the jomt ta subjected to violent ttrcaaiis or strains. 
The foUowmg varieties of diarthrom may bo recognned 

(i) Enartfarnu or btH and-socket jomt, m which a spheroidal irtkulsr 
surhme fits into a cor r e sp onding concavity In no esses are the irticolar 
sm faces complete^ spbmcai in comtuie the ndias of enrvature n not 
identical m ^ dtsmetera, so that they are to a alight extent cllipsoidaL 
An enarthrodialjoinc sHowi movements in sQ dunmons, rbat n to ny 
fleam and txtauton, abducUm and addactim, and rciranm. A composite 
movement involvuig aH these elementary movem ents acept rotation u 
termed arxxmdiKtim. 

(а) Cmdylarthnsu or cDadyiotd joint, m which the irdcnkr surftees 
are more oonroicoously elhpsoid, and which iBowa flepop and riteraion, 
abduction ana adduodnn, but no active rotation. Since these movements 
take place about two axes only tiffs ^pe Is sometimes called a bi-nial joint 
F.Tjmpt^ em found In the wnst jouot and the xnctacarpo-phalaDgetljoials 
of the fingers. Tike bsll-and-ao<Aet joints, s coudylmd Joint iko ^ows 
circnmductioii. 

(3) SaddU-Aaped or joint of reoprocsi reception. In this type of 
joint the articulating sor&ces are each concavo-cocvez m opposite direc 
turns, and the movements which can take place between thm are rather 
complicated. TAw t condykild joint, it alitma fioxion and extension, 
abduction and adduction, but the c m i aUir e of the articulsT sur&ces sbo 
permits of s slight rot a t ar y morement Saddle-thaped jeants combine 
considenbie strnigth with &idy free mobnitr One of the best examples 
of this variety is t^ carpo-metaoupal jomt of the thumb 

(4) Gotgfywaa or hm« joint, wht^ only alkrwa move m e n t about a 
tians ve ne axis, Le. flepon and extensioii. The articalir rur&cet are 
i mf .h lw or puUey like in shape. Examples of tins type are the elbow 
joint and the inteiphslaogeal Joints. 

(5! TVocAoidorpmrtjotnt,whicfaonlyallowamovemcntaboutalocigito 
ftirrtl ark, he. rotation. Two photjoiiits are found m the human body — 
the snpenor radioulnar joint, tod the joint b e tw e en the first and second 
cemcal mti brae. In eal^ case, the articulation conilits of a peg or disc 
fitting within an osseo-figamentoos nng 

(б) ArtJbow or plane joint, m which the onhr moveroent is a tUght 
degree of gOefinc of one articular suefue over the other Morement k 
forffier hmhed by a tight fibrous capsule and frequently ako by inter 
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o**ctnn ligiment*. The articular surfiu»» arc approxunatcly flat, or show 
but a »h^t degree of curvature. Examples are found m the mtcrcarpal 
and intcrtaiail jomta. 

Not all jomti conform to one or other of these categones alone — m aome 
more than one mi^pbwnlitm may be involved. The temporo-mtndibtilar 
joint is an of such a compound jomt, for it contain* two synovul 

cavmea at one of "which a hmge movement occurs and at the other adding 
movement It la therefore turned a compound gmglytno-arthrodial joint 
The knee jomt, aimilarly is a complex mechanism involving a combination 
of movements characteristic of several of the elementary types. 


4 UGAMENTS 

The fibrous capaole which encloses a diarthrodlal joint a composed 
marnty of coUagenoua fibre* which m general run directly from one bone 
to the other More or lea wefl-defined bands of fibre* are uiually differ 
entiated n local thickenings of the capnile to form mtrmtic hgaments 
whKh fiirtheT strengthen the jomt and phw a pm m itstrainmg movement* 
m certain direcciona. IttQsybecupposediWtheseUgajcnentaaredeveloped 
m reipciue to teimonal force* wolch, a* we have seeiu determine 
deposiQon of white fibrous tissue m accordance with xne^ianical require- 
ment* (»ee p 36) It 15 , In fact, stated that tbe capsular hgaments of 
diarthrodiil joints become well differentiated only after birth, presumably 
m relatiou to the commencement of fully aettve moveiDcntB but there 1* 
little information on the details of thi* developmental procea*. 

Beaidea the mtrumc capsulsr Ugamenta, the mewementa of some joint* 
are functiouallT control!^ by extnnaic Ugament* which may be qmte 
mdependent of the capsule, e,g the cotaco-clsTicular hgaments m relation 
to the acromio-davicular jomt, and the coraco- acromial ligament m rdaUon 
to the shoulder joint Extrinsic contribution* to the fibrous capaule may 
aI*o be made by the tendons of adjacent muscle*. For example an expan 
aion from the semi membranosus muscle of the thigh help* to form the 
pottenor obUque bgament of the knee joint, whfle the patellar ligament m 
front of thia jomt 1* really the tendon of the quadneeps extensor muscle 
m wbch the patcHa 1* developed as a teaamoid bone. L*»tly certain 
b ga m ent * have been regarded a* the pcr*i»tent remain* of tendon* left 
behind after tbe phylogenetic degeneration or migration of muscles, but 
It •eem* doubtful whether such a morphological interpretation has ever 
•arrived a dose analyai* Tbe coracjvbumeral ligament u aomctinie* 
quoted u an instance of thi* variety It ha* been claimed that this hgament 
reproenu a part of the tendon of the pectorali* mmor musdcwhich 

binany lower mammal* u inserted Into the humeru* but which mmam 

only reache* tbe coracrndprocca*. However a* an individual Kiomalfthe 
muscle u wmetmw found m the human body to be attached to the 

“f •S' lj«nn«nt u «m mute ^ 

developed. Sunibriy the ligement u .I.0 fcmSdTwer P^teTu^ 
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THE TlSSires OF JOINTS 


whichthemiadehflfahanieriJlnsertKm.’ ThcTOncrii* attempt! to homo- 
logae certain Lgunenti m man with muacles and tendonB charactoiftic 
of krwcr vcrtebratea date back to the famB when morphologiiti, stli re d to 
cnthuriaim by the concept of hnmeB erohition, diligently iought for 
additional endcnce of man* kiaahlp with od^r In many 

cajcs they unfortunately allowed thim enthnnaam to the pltre of 
critical analytta. 

The dliposition of local thickenings of the fibronl capsule to fonn indi- 
vidual ligwDcnts IS related to the ^)e of movean cpt at the jmnL With few 
exceptioos, ligaments are pracacafly non-extcnalble, and tl^y are com 
monly arringed so that they are taut when the joint u m t poahioa of 
greatest etabuity that is, wbm the aiticnlar kui&cca are m rnarTTra! con- 
gruence with each other In hi^njouiiB which allow oo^ morements of 
le£on and eztensioa (e^ the e£ow joint or the ankle jouit), the capsule 
a thm and kz In front and behind so as not to impede these movements, 
while on other tide there are relatiTely itroog and weC-di il efe n listed 
ligament* ^lich help to pr event any laloal movemenL The Uuty of the 
capsule IS directly related to the possible range of movement. In the 
slunilder jednt whOT the range i* very great, the capsule U loose enough to 
allow the bead of the homerui (wben it a partially abducter^ to be dirwa 
away from the articukr surkce of the acapuk to a distance oi an inch or so 
after the musdes have been severed but with the fibrous capsule sdH 
intact On the other hand^ m the hip joint (which, like the shotuder jamt, 
b a ball-and-«xkct medianiam) the ran ge of moremeci i* much more 
limited m rekttoci to requirements of gr e a t er strength, and the capeole b 
cofTBspondiogly thicker and ahorter 

Besides true ligament^ text books of anatomy describe as 'ligaments 
certain fibrous bands or synonal reflections which are not functionally 
concerned with Irmrting the movements of the joints with which they are 
related. In thb category is the ligamcntum teres of the hip joint, a cone- 
shaped reflection of synovul membnme eztendu^ from the central noo- 
articalar area of the acetabuhnn to the middle of the bead of the femur 
This so-called repre sen ts a part cf the synovial lining which baa 

secondarily become mcladed within the joint ervi^ It b too weak in 
structure to play the part of a true hgament, and its ttoportance Hei in the 
fact that It often transmits one or two small blood vessels to the bead of 


the femur TTie latter may thus recerre a blood supply independently of 
the shaft of the bone, a m att er of some practical significance In intra 
capsular fiacturci of the neck of the femur Another eximple of a mechani- 
cally functionkas ligament b the spheno-mandibiibr ligament of the jaw 
Thb weak fasctal strand b simply the remnant of the sheath endosing 
the cartila« of the mandibular ar^ (MeckeTi cartilage) which dbappeais 
during embryonic derdopment. 
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5 INTRA ARTICmJOl MENlSa 
Ccrtlin dutrthrodul jomtr contain di*c» or memsd of fibro-cartiltge 

which are interposed between articular iurfacti of tbe bones, Inaotne 

thete are complete *o that the joint hai two teparite tynorial cavitiei 
and diere i» no direct contact between the nucalating boot*— e,g the 
ttemo-davicular joint and the temporo-mandibular jomL In other ca»c» 
the mocuaa are deficient centrally and annular or oeacenuc in ahape 
e.g the temilanar cartfiagea of the knee jomt Devrfopmentilly they are 
to be regarded as pematent orgtniacd portiona of the embryonic articular 
diaca which are found in an diardirodialjomtB, Structirralfy diey are com 
poaed of Tcry denae fibrooa tiaauc, with a varying proportion of elaatic 
fflirea and occa^onal cartila^ cella, but the latter may be altogether tbaenti 
The real dgnificance of rntra-articolar mcmaca la not fully apparent m 
BOtte of the many fuggestiona which harc been put forward to ex^lam 
thwr prcacQce m jomta. No doubt thw compena^ for the mcongmity of 
the articular lurfitcei between which they are interpoaed, but it ta diffioilt 
m tome caaea to aee why there ahould be thu incongnnty In the knee 
joint, the icmilunar cartiiagea aeem to terre the purjxiae of rcaihent buffera 
the ahodt of unpacta transmitted from the tibia to the femttr 
but, by tpbrying out, they also adam their contcrar to the varytog curvature 
of the different parta of the femonl condylea aa the latter gll^ over the top 
of the tibu. It u inremtiQ^ to note tbat the atmiJunar cartilages of the 
knee joint are capable of rapid regtnerabon after removal Thia haa been 
demonstrated experunentairy m anunala,* and haa also been found to occur 
m mam* The proce aa of re g eneration is the rcank of a cellular reaction in 
the fynorial membrane, Iradmg to the production of Gbrerua dtaue 
which forms the btsu of a new meniacua. 

Another function escribed to intn-articular menlaa u that they have 
some relation to the type of movement which place at the joint. In 
the tempo ro-maodihuliir joint, for example, two of mo v e m ent occur 
— a hu^ movement and a gliding moTtmtnt--and the joint cavity is 
divided by a due into two parts, each of which is concerned with one of 
these movements. However such a close functions! relation u negatived 


OT m macrcni xinu is anggcaieQ oy maci-onaili wlio aiguca that memia 
bring about the formation of wedge ahapedfihnsofsynoryia] fluid in relation 
to the weight transmitting psrts of jotnts during movement, m sccordancc 
With what mi^t be ex pwted on the basis of physical theones of lubnea 
tiomJ According to this idea they are found inioints where thruata «rg inr..l y 
to bring about a prcmatiire approximation of the artknlsr suiiices. 

The fact that, unlike articular cartilage menisci arc supplied with nerve 

s SoJlie, TTm rtitwttfc® of *(*iilhnar Brit Jon S>irg 31 
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fibre* impGe* the poetlbihty tiat they have a aeiBory function, ilkminff 
the nnacular control of the joint to reapond more p romptly and mt£ 
greater precaion to rapid prewure change* frrthin the jomt canty In a 
complicated articulation such ta the Vtw joint, the adrantige of snch 
a noTous mechankm can be readily appreciated. 

It must be admitted th»t none of explanation* can be satisfactorily 

applied to all mstance* of mtra-articulir tnenaa. The stemo-daTiailir 
joint, for farample, has a complete mcnlscua yet h is hardly conc er ned whh 
the transmissioci of weight, and it* moTcmenti are of qmte a simple type. 
On the other hand, the ankle jomt has no intra-ardcolar meniscus tlthoo^ 
like the knee joint, it has to transmit the weight of the whole body ana a 
equally sus cep ti ble to die ehock of tmpatrt^ 

The difficulty of finding a common fonctionil fiictor for menba m 
general leads to the coondetaUan of purely morpbological interpretations 
which hare been advanced in regard to the source of these structures. 
The dkc of the temporo-mandibulsr joint his been identified with i 
skeletal element of the irptihan jaw or with the remaina of the tendon 
of the lateral p ter y go id musde, while the ditc in the stemo-davicahr 
joint hsa been bomologized with a ^eletal element in the pectoral girdle 
of lower ver t e b ratea. The evidence in fiiTour of such mter p r et at iocs, 
however U not always conviikdng 

Tfaii brief dkeoamon on mtni articular meaiba soggoti that several 
ficton, functional or morphological, are probably concerned with their 
devdopment, and that from this point of view they hare not all an eqai 
valent dgm&amce. 


6 THE LIMITINO OF MOVEMENT AND THE MAINTENANCE OF 
THE eTABILTIT OF JOINTS 

Diarthrodlal jocnti prundc the oppartunity of movement between one 
bone and another but, partlculxiiy in the trunk and lower extremity they 
mus t also allow of a temporary stabHlxaium in f*r f m poahiaQS for the 
transmitakm of weight. A nuinber of facJoi s are concerned with limiting 
the movements of a Jomt mamtalning its stability these are pnmaniy 
the shape of the artlcolar sur&ce and the setioD of ligaments and rnnsdea. 
Other actors which are often iDeodoced is being concerned with h o l ding 
joint surfaces m firm contact are atmospheric pressure, tnd the molecular 
cobeaiTB force of the synovial fluid film whkh co re i ' i the articular surfscei 
It is clear ho w ever that these most be re lati vehr miignifirant. 

Bony emmences m the immediate noghbourhood of articular surfscea, 
and irregulantiea of the articnkr surface itself vrill obviously play a part 
m moTcment. In the elbow lomt, extenafoo is brought to a stop 

by the olecranon p r o cess of the ut™ mdng into the ole cran on fossa oo the 
of the lower end of the humerus, vrfaile in the tscro-Ihic joint the 
irregular nodolated articular surfaces c( the sacrum tnd ilhim interlock 
and oedy allow a ray restricted mobility In ball-and-socket joints it 
will be reaE^ that the deeper the socket, the moce limited Is the range 
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of movemenL Compare, for example, the atoulder joint with itB remaA 
ably iballovr ^eooid cavity and the hip jomt ^th it» cup-^pw 
acctabulanu In the ankle jomt, domflcnon i# Innited by the uct that the 
upper articular aurface of the talua ts broader in front than behind con 
icqncntly as the foot u raiaed up at the jomt, the tahn bccomea more and 
more tightly tvedged between the tibbl and fibulir maDeoli, 

Beadea tneae examplea, In jomn tn which, at fint aight, the articular 
aurfacca would teem to permit ahnoat complete freedom of movement in 
e v er y direcuon, a doae tnapection will ahow that their currature la audi 
that complete congruence la only obtained in poaitiona where the greateat 
atabdity tt requiretL Aa will be rcaioed. perfect coaptation of the articular 
aurfacca will nccrwinlj ccmtribtrte to the ngidi^ of the joint. Walmaley 
hat noted an mtercatmg example of thu roechantam m the caae of the hip 
jointi The head of the femur la really an eUipsoid m which the tranaveiK 
la ahghtiy greater than the vertical djaineter Dunne extenawa 
of the hip the joint capsule becomes progrtsRVtly twisted and shortened 
so that tiie bead of the femur la gradoaUy screwed more tightly into the 
socket of the acetabulum In complete exteanan the articular aurfacca 
become fully congruent and no further movement in thia direction is 
possible. In other posWona there is alwaya a afigfai space between the head 
of the femur and t!^ acetabulum, tHuch la occupied by lynovul fluid and 
part of the acetabular pad of fit During extennon tlie bdter is gradually 
eitni^ from the jomt In the knee jwnt, also, it has been shown that 
maximal congruence between the articular aurfues (mchidmg those of the 
semilunar camlages) only occurs tt full extension— the position of greateat 
stibiU^ 

The part played by hgimenti m reatraimng jomt mo vem enta depends 
on the fact that they ore Inehatic bandP disposed m such a \ny ai to 
be puUed taut at the extreme Uimt of the movements to which they are 
fun^onally related. Except m these poaitJons, they are therefore not 
capable of holding the articular s uxfa cea m dose contact. In weight 
tianamittmg joints, the Ugamenta in general are all Ughtenedup when tK^ . 
jomta retch a temporary atabiliiation by the articolar surfaces coming into 
marimal congruence. In the case of the hip and knee jomts, this occurs 
in complete extimwcm. In joints where no movement is pomble about 
one or more a xe s, the hgaments related functionally to th^ are so 
arranged that they remam taut m all potiUons of movement about other 
axes. In hmge joints inch as the elbow and ankle, for example, the col 
lateral Ugamenta are taut durmg the wbole range of flexion and extennon, 
and m condyloid jomta any tendency to medial or lateral rotation is partly 
prevented obliquely djamoaed hgimcnta which likewise remam taut 
during other movements. It is possible for the rcatnirung influence of 
Ugamenta to be modified in mdividuala by special exeraso and habita of 


ludxiUiBa of dknhiom Jom. Botw mmd Jobti 
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movcanent. Profcsaionil acrobita am mcrease the itoge of movetnart tt 
certam joint* to t rcmiAable degre e by ap pr opr iat e trakdng, and h hw tV> 
been thown that the tan« of morement in aoroe jomt* (e.g the carpo- 
metacarpal joint of the thirmh) Tirlca with occ u p aU ooal 

Frotn the practical and ellmal point of view mriflf* nn doubt provide 
the moat important mechamam for T i a i Q ia infng the atahflity 01 jomti. 
They oimoQity have the great adrtntage ever Ugamente in bong able, by 
progreaanre contraction or relaxctian, to keep articular a ur 11^x8 in firm 
contact in all poatbona of the jomt. In other worda, they am fnnctkin tt 
ertentible *hgaiDentB Tbeir importance u demanitrated deady enough 
m mnscnlar piralyita, for in eudi a condition the related joints become 
flail and allow a much greater range of paaarre caortmect than is 
Dolocaticdia of joints axe m the majonty of cases the renlt of aotne indirect 
riolence applied at a time when tw articnlar muscles are relazed and o£ 
their guard In sUdh condidona it may require rclatnely little force to 
dislocate a joint, whereat jomts acdrely supported by mnscoltr contraction 
can be displaced only by cooaideiable vio^nce. 

Certain muscles (sometune* termed *titiailar musdes^ are concented 
entirely with maintaining joantatablh^ that a tony thdr purpose b not 
to effect movements but to Ibmt than. Hib u the case w^ re^ freely 
znorable joints where firm Ugamenti would nmiTfly impede mobility In 
some diiectiocia. Inthe thoddeajomt, as ilitady no^ the apsule aso 
loose as to be hardly capable of contributing to m stabihty Ine joint a 
therefore ckaely sarrounded by a gtnq> of short mnsdes which keep the 
bead of the humena firmly tppllcd to the shalbw gienmd esvi^ m the 
scapula in aH positima, ai^ so fsrilitare the pr o p er scUon of the main 
effectors of morement, Le. the long rousde* such as the pec toes hs 
latiMtm na dam. and ddtoid. 

The action of articular depends 00 the rc£sz maintenance and 

regnlation of a tonic contrectiaii, the of which b supplied 

by afferent nerre fibres from the joint and hi neighbourhood and from the 
musdea tbetnsdvea. In flexion cf ajoint, afferent impulses initiated br the 
contractkai of the flexor mosdes lead to a central inhibition in the ipinsl 

cord of the motor oeuroQs which innervate the muscles of the extensor aide. 

The contr a c t il e tone of the latter b thus grsduslly diTtrintahfd and they 
become progr cjai vdy rdixcd u the morcanoit proceeds (see p lao). 
Btretc hiag m the opstiie and of Bgtmenta also itimulatet teosory end 
organs m these structures, lesdin^ to an increased contnetthn of mttsdes 
approprbte for p r e r m ring eic e aai vo morement It will be reaHxed that 
any interference with thb reflex mechanbm wlli tend to distort the barmO' 
nlous ccMj p q ad o u of the articular muscies and to result in defects in joint 
morement 

By way of summarizmg the bctois maintaining the stability of joints, 
reference may be to those which farm the arch of the noc In the 
first piece, the arch b determnied by the msnner in which the tarsal and 
meOtarsal bonea fit together in their articulstiaQa. It b strengthened br s 
series of hgamenti and finally supported by muscles. All these &cton plsy 
their partmthe mamtenance of the arch, but there b reason to supposo 
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flint, dunng the penod of growth, the mnscultr npport u of the gre*te#t 
pnctual nnportMice. If the leg nrosde* should prove for some reison to 
be msdequale for the sich egsmst the weight of the body m the 

growing indmdail, the e xc essive strain which is then imposed on the 
hgiments may toon cause these to give vrsy Eventually with the con 
sequent &llmg of the arch and dispUcrmmt of it* bony components, the 
latter may become actually diatorted m thapc. While, therefore, m the 
earliest stage* of flat foot the conditioa can be adequately treated by 
ttreogthcnme the musdes, m the latest stage* an open surgical operation 
mayM requ&ed m order to correct the deformity 


7 THE MORPHOGENESIS OF JOINTS 

At the beguming of this section a very bnef and snnplificd account of the 
cTobryologv^ develcpment of jointt was given. Some further details of 
thi* proce** may now bo conaidcred. The articular disc of mcaenchymal 
tissue winch Is primarily formed between the extremitica of cartilaginous 
skeletal undergoes absorption m diarthrodisl joints, apparently 

u the result of the pressure of the growing cartilsges This grow^ leads 
to a compression of the disc centndly snd to the appearance of a cavity 
m Its circumferential poruon. The csvity expands gniduaDy and extends 
touvds the centre of the jornC However the matter doe* not end here, 
for the central part of the disc may itself undergo chondnficaUon so that 
the sitlculsung elements become joined together by direct esrtSs^ous 
union. This p^omenon occur* in late human embryos, and, according to 
WhiUis the union persist* up to the tune when foetal movement* begin to 
occur its break-down bemg due to the movements them selves, or to a 
relative thnnkage of the cartilage.* Fell and Cantl, m thnr studies of the 
difl’ercntiation ^jomts m ettro also found that cartilaginous tissue extends 
scrots the site of the future jomt cavity at certain stagea of development,* 
and the &ct that the formaticm of a definiUTe jeant cavity has not been 
observed in an explanted hmb bud suggest* that movement may be s frrior 
In detenmning its appearance. 

The exi s t im e e of cartilaginous contmulty between articulating elements 
was ta k en by Fell and Canu to mdicate that joint formation is at least not 
duo to the preaence of non-chondrogemc tissoe at the site of the articuli 
non- They found, indeed, that If the region of the future joint wm gTrT «ed 
from an explanted lnnb bud, and the cut end* of the latter ipproximited 
a new joint (though not normal in shape) wt* formed at the site of the 
eicmon. It appear* th eref o r e, that wMc the actual fonnanon of a jomt 
ma^ depend on extrinsic fsetors, or else on intrinsic fsctois which arc not 
ngidly localued, the precise shape of the aiUcukr surface is certainly 
detennined by definitely locahicd morphogenetic factor*.* These tissue 
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movcmwiL Proftanonal tcrobit* can mcrcasc tfae range of moremeait it 
certain jomta to a remarkable degree by approjpnate trammg, and ft ho ibo 
been thown that the range of movement m •oroe jomta (c^ the carpo- 
metacarpal joint of the thumb) vanca with occupatioctl hibita. 

From the practical and cimical point of view muadca no doubt provide 
the most important mechamam for maintaining the atabiiitr of jomta. 
TTiey obviouily have the great advantage over li^imcota m being ibk, ^ 
progrewjvc contnotion or relaxation, to keqi articular lurficca in finn 
contact m ail posinons of the joint, in other word*, they cm functiou aa 
extensible ligamentt Their importance i» deimmitrat^ dearly cnoogh 
in muscular puaiyau for m audi a coadibon the related jointa becocce 
Had and allow a much greater range of pasaive movement than tt utaaL 
Daiocationi of joints are m the majority of caacs the rtauh erf aomc itwErect 
\nolence applied at a ume when the amcular muscic# are relaxed and off 
ibeir guard In such condiaooa it may require relatively Little fotce to 
dislocate ajouu, whereas jomta actively supported by muscular contraction 
can be duplaced only by considerable wslence. 

Certain musdea (sometimes termed arncukr muaclcs ) tie concensed 
entirely with mamtauungjornt stability that is to say their purpose a not 
to effect mo>TMnenta but to hxcat them This is the case with very freely 
movable joints where firm bgamenta would neceaaanly impede mobility m 
some direcuons In the sho^dcr joint, as already noted, the ® 

loose as to be hardlv capable of conenbutmg to its stabibry Tne joint is 
therefore closely surrounded by a group of abort musdea which keep the 
head oi the humerus hrraly applirf to the ahallow glenoid canty of tie 
scapula in all poaitions, and so fsalitate the proper acoon of the mam 
effectors ot mosement i e the long musdea such ss the pectoraiii major 
latissimus donu and deltoid. 

The action of amcutar musdc* depends on the reflex maintenance and 
regulation of a tom 'ontravtion the anatomacaJ bast* of vhich is supplied 
by afferent ncnc hbres from the joint snd ita neighbourhood and from the 
mu>c)eti then ><] ea In flexion ot a joint afferent impulse* initiated by the 
conira Uon nl the tletor muscles lead to a central mhibition in the spinal 
cord of the motor neuron* v hi h innenate the muiicie* of the extensor ode. 
Ihe 'ontract le tone ot the latter ts thus i,radua]ly diminished and they 
bccon c progrcsii ci) relaxed as the mo ement proceeds (see p iio) 
btrefchin^ ol the cup uJe and of hganicnt* also sarauiates tentory cod 
orpins in the»e stru turc* leading to an increased contraction of muscle* 
apj r 5 natc tor pr i f nj, c ewji c n o etneni It viiH be realized that 
an int rl r th th rericx me haru m will tend to distort the haimo- 

ni u [H-ration i the art ular muscle* and to retult in defect* in joint 

mo cn nt 

11 \^ \ ot man n the la t in niauiummg the stability of joint*, 
ref !xn Int ! t iL ric hi h forn the art h of the foot In the 

hr t 1 U cfc jr f 1 ? n d I ih« manner n h h the tanul ixui 
n rjur-at f j i t >i. il r n ih r n ulation It trcngihencd by * 
fctn flu 1 J 1 J nail ijix rt d I u^tica ^li these factors play 
ih r [Nirx n ti u f iian t the ar I Lm th rc i* reason to suppose 
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that, danng the pcnod of growth, the muscular npport la of the greatest 
pnctJCil Importincc- If die leg musdei ihould prove for •oroe reason to 
be inadequate for tuataimog the arch agamst the weight of the body m the 
growing individual the excesai ve ctraln which is then nnpoied on the 
hpunenta may soon cauae these to give way Eventually with the con 
sequent of the aith and displacement of its bony components, the 

latter may become actually distorted m shape. WUle, therefore, in the 
arhett stages of flat foot the condidon can be adequately treated by 
strengthening the musdes, in the latest stages an open surgiod operation 
may be required in order to cor r ect the deformity 


7 THE MORPHOGENESIS OF JOINTS 


At the beginning of this section a very bnef and simplified account of the 
embryological development of jomtt was given. Some further details of 
this proem may now be conaidcrcd. The articular disc of mesenchymal 
tissue which is primarily formed between the cxtitanitics of cartflagmous 
skeletal dements undergoes absorption m diarthrodUl lomts, apparently 
as the resuh of the pressure of the ettrwmg caitSa^es. Th» growth leads 
to a comprcnion of the disc centrally and to the appearance of a cavity 
m rti arcumferenoal poruon. The cavity ejcpands giaduaDy and cctcnii 
towards the centre of the joint However the matter doea not end here, 
for the ce ntr al part of the disc may itsdf undergo chondrification so that 
the tfticulanng elements become joined together by direct cartilaginous 
union This phenomenon occurs m late human embryos, and, accorojng to 
W hfflii the umcm persists up to the time when foetal movements begin to 
occur its break-down bemg due to the m o v em eots themselves, or to a 
relatrve shrinkage of the csrtilagc.' Fell and Canti, m their studies of the 
difieientiation of jomts tn xntro also found that aitilaguxnis tiasue extends 
across the »te of the future jomt cavity at certam stages of development,* 
and the feet that the formation of a definitive joint c a v ity has not been 
obs er ved m tn explanted limb bud suggests that movement may be a firctor 
m detenmmng its appearance. 

The ervttence of cartilaginous coadnuity betweta articulating elements 
was taken by Fell and Canti to indicate that joint formation a at least not 
duo to the presence of noo-chondrogenic tissue at the site of the srticult 

tion. They found, mdeed, that if the region of the future joint was erased 
from tn erplanted limb hud, and the cut ends of the latter approximated, 
a new jomt (though not normal m shape) wu formed at the site of the 
exemoru It appears, therefore, that while the actual formation of a joint 
mty depend on extramc factors, or else on mtnnsk: factors whkh are not 
ngidly localaed, the precise shape of the articular surface is certainly 
detexTuined by definitely locahxed morphogenetic fsetorv* These tijso^ 
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culture e xp cr xm e^ demonstrate that the tJtdiaJ staga b the devclmraicnt 
of I joint ctn occur m the absence of all moTcmcnt. A mhiiIt inference 
follow from the expenroents of Braos, m wbch fore-Gmb buds m smphi 
bum lax me were grafted on to other parts of body * In tlm case the 
accessory hmb may develop with no nerve supply anid ts tWr lor e quite 
paralyse^ yet the shoulder Jobt ts formed m the normal way On the 
other hand, It has been noted m a prenom chapter (p q4)thittbeinoTil(lmg 
of the articular surfaces to their final and normal shape can be 
expenmentally after rt has been acquiicd. For example, the shape of the 
head of the femur which a normally spheroidal, n«n be made cyhndnctl 
in annuals by Irmlfing moremeDts of the hip joint to one plane.* It is also 
well known that the articular toc&ces of chr^cally dislocated jomts may 
become altered to a remarkable degree b response to new 
conditions. 

FbiHy It ts a matter of considerable importance b orthopaedic work 
that new jomts, or pstudarthrottt may occasioniDy be fbnned between the 
ends of a fracUirca bone which have bikd to unite. 'Hie broken ends 
become expanded, corered with cartila^ and enclosed b a fibrous capsule, 
m an respects reproduang the mab features of dtartbrodkl joints. The 
capacity of dceletid oasues for formbg new arhoilatuiQa endtf thnonsal 
condibocs is used by surgeons co the tr eatm ent of jomts wbch hare been 
uznDobQaed by fibn ro or boay anchyksu. Hus type of o perati on, known 
ts trthroplisty brolves dke mobihMon of the bony elenunta, the lecon 
stmction of their extccmities so that they can suitably fit ti^ether and their 
separation by a sheet of ^saa doubled m to carer both ends b order to 
prevent dirw^ union tgam- With the early esJabliahroent pf paiaivc and 
acti ve movement after the operstioii, a permanent mobile arhculatitai can 
be reproduced. 

H. rnirilnwx~npfrTnifmy ond OrmdBra^ 

JdM S9 1900. 
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blood vessels 


T he need for lome mediiiusm whi<di iDcrw* the itpid transport to 
every part of the body of nutritive miterul and oxygen a met in all 
vertebrate! by tarcuktorytyitcm of blood vesscla. Through these veaidi 
blood flovra m a contmuou* arcukuon, propelled bv the pumping action 
of the heart. In small vrater liviog inveitdsratea of a simple type such a 
tystem 18 not rcqmred, tTn.ee m these forms it i* possible for nutntive 
material to pass mrectlf to the tmuet within by torttce absorption, or by 
absorption through the alimentary tract, while oxy g e n can he taken up 
directly from the surroundmg watery roedium. 

■Wben the tixe of an aramal reaches a certam limit, and capcctilly when 
a body emty a developed so that the Iming of the alimentary canal 
becomes separated from the bodjr wall, a oiculatoty svatem of some type 
becomes a necessity In its pnmitive formation, thia system is not formed 
entirely of contmuoua closed vascular channda — rt is rather an open lacunar 
system m winch a fiind plasma percolate* freely through Usiue apaccs, and 
IS diftributed from-one pan of the body to another m no definite direojcm 
by general muscular tedon. With increasing speoaBzaticm, the circulation 
becomes more and more a dosed system whose component ptrts art 
differmtiated to form arteries or supplying channels, veins or draming 
t4MniifJa, and capiUaries through the tl^ walls of which the functionij 
relation between the circulating blood and the cells of the tissues u actually 
established. 

The circulation m all vertebrates is maintained by the action of a 
rhythmlcsHy contractile heart. It ts also aided m some lower ^pes of 
animal by ^ spontaneous contnetKm of penphtral aitenoles, and, mdecd, 
this It the prmapal mechanism of the orciilatixTn of the blood m th r ^ 
animals wtuch live blood vessels but no heart (e,g m the pnmitiTe 
chordate Ampktoxusy, In many mvertebrates the circulatory avstem 
remams partly open at the periphery the blood being discharged mto 
tisBuea spaces to be collected up agam by definite venous cbiTini»t^ Even 
m msmmsls, this pnmitive arrangement u believed by to persist m 
certam tii*ii^e.g the spleen andbone marrow Apart from these possible 
exceptions, howerer the mammalian arcuktoryivstemcxmiiits of a dewed 
system of tubes the endothdial hnmg of which is complete and uninter 
rupted from the heart, through the artenes mto the capillanes, and back 
agam through the vema. 


1 CAPILLARIES 

In thar essential structure, capiUaiy blood vessels are fine channels 
whose walls arc composed of endothelium only In this tD blood 

vessels begm their dervclopment in the embt^ is capillanc* even the 


i6e BLOOD VESSELS 

Iwairt, in lU inhud famaticm, It nmfdy fta cndothdal tube. Wli3c in 
artenc* and vein* the xnllt 'become ac^mented by the addition of 
and fibrous ttsaue, fhe captlUnea renui their embryome itracture. 

The endothelium of apHianct u formed of prfcmeEt ccUa, 

cemaited edge to edge along enmated m argma with an Interctlkdar iob* 
stance vrhich can be democttrated by rt» redaction of aHrer ritnle. The 
ceUs are dongxted m die direction of the am of the blood reaseh, and 
has an oval nudeoacentraHv situated (Fig 6i) In acme parts of the body 



Fto. 6 DkinttB rrprraestiaa th« rwmlhi /acftim ot captiUiy ortwott A t«nnio«l 
•xtanok id) m abtnra nitrrina ttM oepffiaty bed. tad imtriitg k k imaS reatW 
(Foe tbo tppemaem o( cmg^SiMsy 'rtant i i to wedocu K« Fit. >4') 

(as, for example, m the mtestmal viQi and in the firtr) the outliaes of tlie 
endothehal ccUa cannot be dearly denjonatrated — powibly m these caaca 
tb^ arc is syncytbd continuity mth eadi other 
widotbehum proridea an eitremdy amooth lining to the vrhole of the 
cardiovtKxdar syatem, mmimiting fncaon m the ^vr of the biood and, 
In the tmaikr vweii, alicmsgjhe corpwJes to tBp easily alocg ita aurCK* 
vnth no tendency to adhere. TTUa djaracter changes npidlT in response to 
any Injunoua aoimiJua. Jf for example, capiBary endotbcjium is eqjoscd 
to beat, to chcoucal imtanta, or to mechanical injury h bccoroea rather 
awoUco and sticky so that the corpuades ding to its surface. It then 
*oft«w and leucoc?te» begin w push thdj wxy sctirely through it to get 
OQtsidethercasd. lamly ttdojrpuidea may become eitriirisatedthnn^ 
weak spots fai the endodilnd wall, erea tbouM no actual break m the la^ir 

occurs. If the esdtotbdiuni of a bkxxl capilauy does become ruptured as 
E. R. Qufc Kw) E> L. CUi^ Ownau is btood moakt mitotbstiarD dimr J t m *. 
AmL S7 i«}5 



CAPILLARIES 

the rwult of grow ifi}ury balmg take* pUco again very rapidly The 
dhangtt m the conngtency of capiUafy endothelnim deaenbed above form 
an important element m the vaioilaf reactiona to inflammatory condiPona 
in the body 

Capillary cndothdiuin it immediately corcred by a pcnmcolar layer 
of dchcate connective tmue irhich utix^ tepeiatct it from direct contact 
vnth the of snrronnding tiaiaet To ihn layer the term^pentAeioan 
It tometimea given. The intentice* of the peritheHum contain tmuefluid 
^vhich IB the estentxal mediam throngfa which a functional relation is 
estabUthed between the blood dredadng in the capillary tyatem and the 
cells of the tosuet nouruhed by it. In the central nervoia tyttem, the 
pen-capillary tptcea contam cerdiro^inal fluid. 

The dianiter of capiDary vcttelt vanea qmte conaiderabty depending 
partly on the ttate of their activity Thu variaticn u very conspicuous m 
tmact wh e ie the metabolic level shows ibrupt and wide changes In 
routcle, for example^ the total capaaty of the capiUanea may be increased 
750 timet as the result of vigorout muscular contraction.* In t resting 
mutcle, on the other hand mo« of the capiDtry vmeli are empty and 
temporariW coU^ued. On the average^ m man and other mammals the 
diameter of a capiQary u tbgfatly laigcr than that of the red corpuscles 
which flow along it— e-g 8-10 lu Scm anatonmtt have dcacn'bto c«il 
lanes which have ooratally such a narrow calibre that th^ wiD. not allow 
the pastage of blood corpuadea, and only transmit the fluid plasma. It 
teems certain, howe v er that toch ststeiDenla are the result of ODservttions 
on vesscla which are tetnporarfly distorted by oicrnal pressure or by their 
own contraction.* 

The den si ty of the capillary network also is related to the metabolic level 
of the tissue m whldi It Is trtuated, Highlr active tissues have a high degree 
of vasculanty — lc. the capillary bed u dense. In rdativelv mat tissua, 
the capillanes are sparse and scattered. This relation » well iDuatiated m 
the coitral nervous system, for here the cspiDajy density parallels very 
closely the density of mterconneadons b e lvh -e en nerve ctDs and fibres (sec 
P 377) It 1 * important to note that the VasculamV of any tissue can only 
be accinatefy determined by an estimatioti of capi]j*ry density based on an 
actual count of cajrillaiy reisda m a given vohnne of the tisrue Eatnnates 
based on the general calibre of veasela of supply m the immediate prcoimity 
may be very mulcadmg 

The contractility olcaplUaiiea We have described a capillaiy blood 
vessel as consisting of an endothelial lining covered bv a pentbehal lava 
of dcEcate connective tissac. On this definition, a small h\ood vessel con 
taining in its wall muscle fibres or compact collagenous tissue must be 
dittingimhed is a minute artery {arUnoU) or vem (tvnslf) Failure to 

make tu^ a tommological distinction has sonwtimes led to some confuaon 

m recording the reactions of cspiBariea. 
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heart, in in ImtkJ /ormttzon, it ■unpfy an endothelial tube. While m 
•rtcnc* Mid vciM tb<5 waUa become euffmeated by the of nnacnlar 

•nd fibrous tissne, fhe caplQtnei letam th^ cmbrjrcadc structure. 

The endothehura of apflknes Is formed cf flittcoed parment cells, 
cemented edge to edge tlong crer u ted xosrgins with tn mterceHulir sub- 
stance which can be deinonstrsted by its reductloa of silver ru trste. The 
edh arc elongated in the direction of the Mxk of the blood resseli tod e t c h 
has an oral nucleus centrailT situated (Fig 6i) In acme parts of the body 
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Fw t DtafTBni rrprcaettdrvs ihe «aeiual fcatorr* of cvpiUary ocnodc. A tCTitucwl 
uTvnok (A) m thcum niten f u f cKptUair I*** ivi k»vnf < ® moMli rttsuk (f'^ 
(Fffr tb« ppciTince of cspdtcr> vmcii m m Fi*. J 4 .) 

(as, for example m the intestmal nib and in the bver) the outlines of the 
endotlwlial cells cannot be clearly demonstiated—poasibly m these cues 
tb^ arc m syncytisl continuitv with e»ch other 

^dotheliuEQ provides an rttremely smooth linmg to the whole of the 
cardiovascular system, mimnuxing fnctioo in the fiow of the blood and, 
m the amslkr v’csscla. allowing the corpuscles to abp easily sJong i» surface 
with no tendency to adhere This character changes rapidly in rc^xinse to 
aay in;unota atirnuhis. If for ctaniple oapfUarv endotbciium is exposed 
to heat, to chemical imtants or to rocchamcal injury it becomes rather 
fwollen and sticky so that the corpuscles cUng to its surface ft then 
softens, and leucocytes begin to push their way actively through it to get 
outsidethev-esseL Lastly ^ corpuscles may become eitravtutcd through 
weak spots in the endothcbal wall even though no actual break m the latter 
occurs If the endothelium of a blood capUlaiy does become ruptured as 
E. R. dark %ai E L C4uk, Quwf«« fa Wood T««:iikr endott>*ifuen Amm' Jirmn. 
XmT. 87 935 
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dark and Clirk>» studying capillary reaction* m amphibian larvae 
(salamander and tadpole) foimd that contraction of these vetsels may 
occur before any Rou^ cell* hare developed in their walls, and even when 
they arc present there may be no rclanon betwe en their location and the 
ntc of contracnom Moreover rt wa* aoroctnnes obterved that, donng 
actiTC contraction in the immediate neighbourhood of a Rouget cell, the 
capillary cndothclnim actually draw* away from the latter leaving a per 
ceptible ipice between them. Thh, of course, u contrary to what might 
be expected if the Rouget cdl itself la the Immediate agent producing the 
capillary contracnon, A aunilar observation wa* made by Florey and 
Caiieton* on the me*entenc vesael* m mammals, and tbc*c authors al»o 
noted that Rouget ceUi were too few and scattered to be credited with the 
contractile functiona which had been attributed to the capUlarie*. A further 
complication ha* been more recently mtitxJuced mto t]^ problem by the 
obt ervau on of Clark and Clark on the change* which occur m the tran*- 
formation of a capiUary mto an arteriole durm^ the development of new 
blood vessels. The Rouget cell* proliferate rapidly and arranging them 
selves trsnxversely ictually become trsnsformed mto smooth musde ceCs. 
Then, as soon ts they arc innervated by a vasomotor nerve, they become 
contra cdle.* 

It ts not easy to reach i final deoaion on this question of the contra ctihty 
of true capniirie* in mammalt, that is to say the contractile power of the 
endothehom a* distinct from that of extra-endothehal dements. Bxpen 
mental evidence has been ofi'ered that itimulttiofi of the cervical tympa 
thetic does lead to t localized contraction of cspilline* in the rabbit a ear 
(after a latent period of 15-20 seconds) « On tnc other band, m a recent 
review of the problem, boed on many year* of personal experience Clark 
and dark m*»t that m nummalt the control of the pcnpbcral circulation 
rcaide* m vessel* which have muscular wall* and an mtact nerve supply » 
They cntiaie contradictory account* of other observer* on the ground tha t 
no dcacription ts recorded of the circulatory condition* m adjacent artenolc* 
and vc**^ In cases where an apparent contrscdon of a capiilaiy was noted, 
and point out that ptsarve chmgea m calibre may occur secondarily to 
alteration m the blo^ flow m the arteriole* and vtnul« with winch the 
capilUnc* communicate, as the result of the elasticity of the capillary 
endothelium. In acute expenroent*. also, a further difficulty m the way of 
direct observation is that the capillary endotbehum 1* easily damaged by 
manipulauon, lesdmg to a swelling of the endothelial cells and a narrow in g 
of lumen of the vessel which might be mistaken for active contraction 
of the capillary walL In summing up the numerous careful observation* 
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Tbcfo a good cvideiK* dot m lower vertcbrtta true apilliric* irc 
contTECtfle, Lfl. they cm liter thor calibre by tpootaoeotn contnctmL 
This has been observed w the trmspsrent taib of Tnpliibtfln larrte tnd 
also m the trea vasculosa of cluck emoiyos, md there Is no doubt such 
contraction can occur without the presence of muscle fibres in the 
wall, tnd Independently of extnnric dreuktory fictort. Hence it a 
n eccstt i y Co gtSTtme In tins instance that the endothelial have them- 
selvct the property of contractillw In mnnmak, howertr it is still 
doubtful whether such » the case. The careful and prolonged obscmrtwni 
of Clark tnd Clark on blood veaeela In the rabbit a car have led them to the 
conclusion that If there is my active contractility of true cspiUsnei in this 
animal, h is so slight as to be ottUffible as a factor controlling the capillary 
drculadon.* The technique whim tbese wor ke rs used for their studies 
hts already been brkfiy described (p 5) It permits the examlnatun 
of the smallest blood vessels und^ high magnification, to that true capO- 
lanes can be distingTiiahed bum amalfartenolea in which muscular tiara 
is present. 

TT>e results of studies with the transparent-chamber technique suggest 
that previous records attributing active contractility to capfllanes m 
naamrali have perhaps been basea on o b ae i v aiio os on blood veasds which 
were really mlntcto artenoks and not mic capfllanca. In this caonawn, it 
should be noted that sice it not by dself a disdnctive cmerioc, lince 
terminal artenolea may be even smaller m calibre than the cipiUaries which 
they feed. Further in the tranattiOD btim arterioles to ctpmanes the 
muscular coat of the former does not always terminate abruptly and, at 
their Junctioa, scattered mitsde fibres of atypical form may be present 
which are not to be detected \mder low magnlficatKm. 

Even m the walls of true capHiarKS ccDs have been described 

which are supposed to control the cafibre of these veseels by their coo- 
tractile prop^ca. These are the Raitgft c*Ui first described by their 
discoverer m 1873 closely applied to the endothelial wall of 

capfllanes and th^ have fine branching processes whkh wrap roend the 
vessel in an intricate fashioiL In sppeaianre, Rouget cells [oipmc^ts u 
they have been called) are quite s irntkr to connective tiwue cells. Rouget 
concluded from hii observations th«t they were really a kmd of amootb 
mosde ceTl, for he believed that by the contraction of tfaar processes they 
wrrefCfpansibk/arJiwaZcoiistrTcdansaffhecipiflaryresiel*. Afaayjws 
liter armflar obs eivatl oai w ere maH^ by Viintrup who reported that, m 
Amphibia, local contraction of capfllaocs alwaya started st the site of csic 
cd tne Rouget cella. However attempts to corrofactrste this inference by 
other mvestigstoTs have on the whole led to negstrye resulta. 


Aioactw tbe ou m ww paper* br E. R, dark tad E. L. Qatk and tbair cotUmMa 
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ARTERIES m 

In rtnicture, tn trtery connsti of s tube lined by endodicUum^ a 
■will of Yimble thicknc** whidx i» composed of cUttic and muacic fibre* 
mtcrtninrfed vnth white fibroua ttaeoe. In the endothelial coat or txaa^ 
istima the cndotbdial cell* are diipoted longitudinally (a* el^bere m the 
vaacular lyitcm gcnenaiy) They re*t on a thin tub-cndothchal layer of 
^Mtir tmue winch forma a fimiy definite membrane (homna e l a tt ua 
inUrnay The fibro-muacular coat can usually be divided mto a relatively 
thidt tv mcfi media m wUdi muscular or elastic tisaue predo min a t es, and a 
tuxea adventitia or twnca externa composed mainly of collagenous fibres. 



Fio. (n. A Jkttum emtroeted to thorn •chematkallT the ctotmt bct w»ei tb« cn«»' 
•ppeermoca of to arttry end kt coempoodios rrin. The itlatiT* tlit. V r,#— of 
the snarial mQ hM boon exifpntod hi ordor to ta nrjtt i b * thh co otni t. Tm. Tanka 
KtmdtMu iw. Tonka modb. Ti. Tunxa intima. 

The tunica sdventitii grades without any sharp demarcation mto the 
general connccOrc tisfue in which the blood Teasel lies. Poatibly it may 
pl^a minor part m preventu^ ovcr-distenaion of an artery 
The structure of the arterial wall, howcvtjr Tanes to a considerable 
extent in relation to the aiie of the vesael, particularly with regard to the 
tunica Tnrdi i. In the large arteries, elartc tissue predominate* in the 
itoalkr Teasels, m u scu l sr tmoe forms the greater part of its th^rbry ts 
Thii structural difference Is related to hincticmal requirements. The larger 
artenca are eipoaed to the force of the ayitolic contraction of the heart, as 
the result of which they show a pulsation. By virtue of the abundant 
elastic tissue m their walk, they undogo expannon with each systole, and 
dunnff dttstolo thar recofl contmuca to drive the blood on pcnpberilly 
It foUowi that as the vessels get smaller the blood flow is gradually coi 
verted from m intermittent senca of propulsiooa related to the rhythmic 
contraction of the heart to a steady tncf continuous stream. When the 
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which trr now arwlibk m the litcnture, h b probably fair to tiy that, if 
the capUliry endothelium of mimmab n capable of active contraction thfa 
property li rcbthrly inaignificant from the phyawlogical point of view 


2 SINUSOIDS 

In tome parti of the bodr true capilUrica are replaced by timnoidi. 
The latter are characterized by the irreguJantT of tbelr himen (which 
■bowa uneven dilatatiotta laatcad of an even calibre), bi the abaence of 
penthelial connective tissue (ao that the cndotheOum Ika in nnmedkte 
contact with the ceUa of the turronndlng tbaues) by presence of 
phagocytic coHa of the macrophage type anvmg the true endothelial ccQa, 
and (according to aome anatormsta) by actual defioendea in the endothelial 
waH Tbeae ieaturcs allow of a mneh more intimate relation between the 
circulating blood and the daaue to which it ii anpphed. The dOatationa of 
the amuaolda permit of a tkrwing up of the circulation, while the phagocyUc 
crlla, where they are present, sntnetimes phy the part of scavengers by 
removing effete corpmcles from the blood and destroying (see p 45 ) 

Sinusoids in the human body are found (among other places) m the Irw 
the adrenal gland, and haemopoiedc tusue such as red bone marrow Apart 
from thar ttractonl peculiantka, they anso d e ve l o p mentally m a maimer 
quite di ff erent from true capiUarlea. While tl» latter are developed aa tbs' 
a%te endothelial tubea whia cobsequeiitly join up with each other to form 
a ploua, emosoida are diffcrendaled hnn whit ^ at first a large venous 
space filled with blood In the case of the hepatic tmusokla, for example, 
this is formed by the terminatlan of the vitellme reina. Into the space, 
redcnlatio^ columns of hepatic ceBs grow tnd soon break it up Into 
anastomosmg smusoidal rhgnngT*. A meihwoik of smusoidal rasels it 
thus formed oy the partitiomng of an ongmally tmglo blood c a v i ty 


3 ARTERIES 

Arteries are rasmtially conductliig channels throngh which blood is 
conveyed &am the heart to the capllhiry bed. Starting with the aorta and 
puhnonary artery (which m the humin aduh are a little over an inch m 
diameter), they become progresaHely smaller aa they branch in their peri 
pheral coarse. With tfa^ coednuons ranuficadotii, the sum of die du- 
meters of the hnnen of all the branches also increaKS progreatively In 
correlatian with thia it follows that the rate of fiow of blood throu^ the 
pcnpberal vcssela steadily dtmrniahes as they get farther away fhim the 


Tbi tool uuo ontJunal of espinny tc iii Ii la tfa« bod^ bo bm tl i a s w d to 
b« spcicaxiffiaolr too tline* km M tbe rtno wrtluBl ra of tbo aorta at ha coca* 
ijiaoc«a«ot. la rakOoD to tt nwr be aotad tfaai tba Talodby of Iba dnnkdoo 
dbotakbra from aboot balf metra a arcoDd in tba aorta to half a muBoMtra In capCkij 
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In roednim-«iied artcna mu*cular tissue forms a conspicuous element 
of the tumca medu predominnting more and more as the vcssdfl become 
cniller(Fig 63), The plim musde fibres are disposed orcuIsHy for the 
most part, but in vessels which run a tortuous course and are liable to be 
displaced with movements, some of the fibres also run longitudinally The 
arculir disposition of muscle fibres hat been shown m many instances to 
be really a dose spiral mdeed, it seems probable that this it the common 
srrangement* There is some evidence, also that on the nght side of the 
body the spiral usually runs m a clock wise direction, and the reverse on 
the left tide.* In the larger of the medium-sttcd artenea, elastic fibres are 
still quite evident m the tumca media. While these are also mostly arranged 
concentrically some are disposed m a radial direction and it Is probable 



Fn. 64. An srtcnole cod TtDii}« fium the •obcutanetM* Umu*. Tbe nucU of the drcolnr 
rajKk fibre! tre teen d ti pood tma r m elj on tbe will of tbe artznole and deep to tbesn 
u elCTifCed nuclei of tbe cndotbelbKa d i» p o eed locgrtudhaUr Hie emlotbeii!! nuclei 
of tbe e enu l e tn more rounded, and tbrf are eli^ more cmiplcuDat iIdcs tbey tn only 
coTct ed by tbin U y er of colbgenoai (whl^ a not tfiined in thb tecdonX On 

eober ride of tbe siterioW b eeeo fine etnnd of Toocooto nerre fibre*, bletnifio* 
tiooxsso. 

that these radial elastic fibres are partly responsible for produemg dilstation 
of the vessel when tbe orculsr musdo fibres are rclaredL The advcntiUal 
cxttt of medium arteries is relatively thldt and u composed of an inter 
mi xtu re of elastic and white fibrous tissue. The former miy be suffiacntly 
condensed to deserve recogmtion as a lamota tlasUea txtema. 

The smallest irtenes — leas than half a miUunetre or so m diameter — are 
called arUrtoUs (Fig 64) In these vessels the tumca media is entirely com 
posed of plain moKJe. They lead on by repeated ramification to capillary 
veascla, and the imalleat artenolcs may be no larger m diameter than 
niany capillanes. Tbe change from a terminal artcnole to a true capillary 

^ ^ study of tb* rtructuro of tbe roedi! of tbe dirtribotin* ixteritt 

•dmwbenfttnni** Struktor <kr AxttricawmnJ ilerpk. 
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capiUaiy veticli are finally readied, no puliatioo u evident under nonnal 
ccmditioQB.1 

The tmount of eltitJc tistue in the wall* of an artery approximately 
correiponda to the prcaaure of blood within it. In the imalJcr artcrica, tl* 
prceence of muscular tiaaue in tfadr walla enablca them, under the influence 
of the autonomic nerroua sjalem, to contract or dilite and >o regulate 
the datributlon of blood to the arcaa which they supply Unlike the 
larger artenea, therefore, they are more than merely passive mn finrthig 
tubes. 



Fta. 63 Mkroc liu to gftp h of xirtmn tf mw fh ■rtny (fimi tbi mdaa 

at the brain}. Intamalir an •een tfaa »Tw*fi AjUl mvUl ot tbo inlima (TZ.) tod 

Cmmi»i4t«t»4 y rrtrirU tUi waO-d«^'Qb>pad Wnlna lattosa laUCT li 

d uij wn into fblda by tba partial ooBtracitin) of tbe rnaal 'Ilie (Tat) ia 

cc a Dp caod aiiDOCt ealiiaij at plain inu a clo , Tba tunica a d rtt JJll a (7k.) li rti ali rplj tfa in . 

X9O. 

It will be realised that the atrocture of the artcnal wall changea quite 
gradually ta the tcskIs become amanw For purposes of deaaiptkm, 
hiiM-wvf . r it n cuftomary to recogmxe three ™m categonea, large artenea, 
medium artenea, and amall arteries or artenolea. 

In large artenea, the tnmca media ia ahnoat entirely composed of ektdc 
tiaaue, the fibrca of which mteriace to form a aeiiea of feneatrated mem 
branoa arranged concentrically Scattered muade fibres may bowerer be 
found TTvtfig tbe kyera. The sub-ecdotbelkl layer of elaatfc tiaaoe 
If rather and tbe tunica adventitia, which also caatama elaatic fibres, 
la not sharply H ]f tin gnU>wt frocn the rrmirs tpcdia. 

In cartiin prtbnlocfaal coatitiaa*, sa. tordo Tairukr (fina*, tod poMfttly ilia, 
with piffidwrW vwodilatidoe. p q twtion IM7 b* tiw M ii t nn d to tbe eatJOtry 
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coune which »n artery foDowi make it evident that this h detennmed by 
purely morphological factors at wdl as by mechanical conaidcratioiis. 

The angle at which branches leave a mam arterial stem certainly depends 
to a considerable extent on haemodynamic factora.* It is possible to 
theorcticaliy what the angle of branching ahould be in order to 
allow for the least possible loss of energy in the arailation, so that the fill 
of pressure between a pomt m the mam vessel and a point m its b r a nch is 
of "Mmiral quantity It follows from such calculations that branches of 
equal should equal »nglr« with the same mam st em , that the 
larger the branch the sn^ler the ang^e and the more the mam artery is 
deflected at the pomt of its ongm, and that branches which are to amall 
that they hardly affect the nze of the parent stem should come off at a 
relatively large angle — usually between 70 and 90 Actual measurements 
show ibjt the angle of branching confonna m a general way to mathe- 
matical expectation, but by no means always so The id^ angle of 
bifurcation of the common artcnca, for example, should be 75 — but 
rt IS found to vary from 60 to 75 Again, the intercostal branches of the 
thoraac aorta are all of a compirihlc me, and yet the angle at which they 
anae vanes considerably In thia case differentia] growth of the aorta has 
led to a deflection of the upper m t e i cos ta l artencs, 

Arterifll anastomoses In many parts of the body the terminal 
distributing artenei m one area are connected quite &eely with gmilar 
vetsds in an ad^acoit arou These anastomotic connexions p er mit of an 
equalixxtioo of pressure over the vascular temtorus which are linied up 
m this wsy tnd they also p r ov ide alternative channels for the blood suppty 
of any parttcakr area. In the lnnbs, arterial anastomoses are particularly 
free m the neighbourhood of loinli, where movements arc hahle to mterfere 
momentarily with free arcuktioa along any one i-ascular channcL At the 
base of the bram the anastomcsis betwom the msm srtencs of supply is so 
free as to form a complete artenil ende— the areJ* WUbs — wh^ serves 
to equable the distribution of blood to aH parts of the bram. 

From the cEmcal point of new arterial anastomoses are highly important, 
since they provide a bans for the establishment of a cdbteral arcnlation 
m the event of the main supply channel being interrupted by acadent or 
disease. They also require to be taken mto consideration by the surgeon 
when the ligature of an artery is conten^bted. Where the anastomosis is 
free, as, for ex a mp le, m the mesenteric vewels aupplying most of the 
intestinal canal, a vessel may be ligatured with impunity Iot m this 
the blood supply to the particular area mvolTcd can be derived from 
adjicent vessds through anastomotic connexions. In some regions, how 
ever the tnaitomoau of a distributing artery may be poor or vanible, and 
if si^ a vead were ligatured the vitality of tl» tasue which it aupphes 
wodd be senonaly endangered. Another practical pomt m connexion 
with artciTal anastomoses is that a small channel of tLs type may as an 
anomaly be enlarged, wbile the normal mam stem la reduced or absent. 


Dt Arcy W "nwitp^ *W For*. Cmbd^ Si+t. C. D Muttwt Th- 



176 


BLOOD VESSELS 


vend k marked by the ditappearince of muick fibre* m the wall of the 
vend — tlm dlnppea r ane e eometime* being gradual and tomctinie* furiy 
abrupt 

Arteriole* are functionally of the gr e atet importance in regulating the 
floTT of blood through the capillary bed by the contractioo and rdanticai 
of tbar mitaailif wall 'Hus tctivi^ which k eontmlkd through the 
vaaomotor ayatem of nerve*, allow* a precke adjustment of local regiooa 
of the orcnlatiop m response to the requirements of the tiaaaet. 

Apart from the regulation of blood flowTjy” intermittent contraction and 
rdaration, Clark and Clark bare ahown, by tbdr tnanaparent-chamber 
tcchmqne, that arterlolea m the rabblt'a ear normally unde^ montaneoui 
rhythmic contiactxona at the rate of one to four a minute, me rhythm 
varying horn one tcskI to another and even In different parts of the nme 
vea^ These rhythmic contractions evidently pky a m promotmg 
the drculatioG through the capillary bed. Th^ cetse duimg anaesthesta 
and also during nato^ rieep, and it fata been almwn that they are Initiated 
by reach the reaaeU from the aympathetic nerroua lystem, 

for m the growth of newly formed arttrioles, spontancoua contiactioca are 
not evident until they bexrome Innerva te d by the eztenaion of growing 
nerve fibres,* 

In the erectile tkaoe of the perns, the terminal arteries ihow certsln 
apeaikced featore*. The tanks Intima k tiddeened in places to fonn 
n'dges which partiilty occlude the vtsads when they are e mp ty It k 
su^ested that tlda allow* a rapid dSalation when erection o cc nr i. The 
artenes run a tortuous coarse (fm wfakh reason they are sometimes teamed 
hthan* arUntsS and, instead m passing on Into a cspilkzy bed, they open 
into caremoua blood spaces. When the Istter b ecome dishaided they com- 
press the reins near the aocface of the penis and produce an engorgernem 
of the whole oigan this k one of the factors concerned in the phenomenon 
of er ee tt o n . 


Msln arterial paths A generil survey of the ar t e r ia l sy s te an of the 
body makes It dear that, in general, arteoes pursue the shortest and the 
most direct course in order to reach thar objec ti v e, and that thk course k 
partly determined by mwhanWl caoveaiKDcc. llie main artenes in the 
lunbs run akeg the flexor sorfuxs where they are less Ukdy to be exposed 
to tenaton in morements of the adjacent jointa. They avoid pusmg 
through mnscutar tkaoe winch would uiinpTM s thm danng active 

contraction — where they penetrate s muscle they psas rather mrough 
tendmoua arches which protect them frooi this pr es s u re. Arteries which 
are required to adapt thcauehes to vsiyiDg positions, in sssoca stion with 
morements of the strucCire* vduch they siqiply usuallv pursue s charsc 
terktradly tortuous course so that th^ are to some ciegree eitaasiblo — 
e.g the artery which runs Trvmg the mobile fa dal masdes, and the 
tplesuc artay whicn must adapt itself to the varying fotm* of the stomach 
which h passe* to reach the spken. In many caset, howev er the 


E. R. E. I* C^rt, aad R. O TOlBci*, asw pijwtt ef mrm CKd d* 
r i y i trnn wl a yifmriOT of d»w1t fagMO «t«rielw Amm Jtim. 
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lamed by brandies of the same trtensl stem. In so £tr ta this pnnaple 
obtains, it is no doubt related to the fisct that such functionally connected 
atructures inevitably make mnuhtneoua demands on the cir cu la ti on, and 
It may therefore be a matter of convenience that they ahould be aupphed 
from the — source. Examples which have been ated to illustrate such a 
functwnil distribution of arteries are the internal mixillary artery which 
suppbes the }iws, teeth and masticatory muscles and has therefore been 
caUed the artery of masticatioa the ascending pharyngeal artery which 
suppliea the palate and the pharynx and has beai termed the artery of 
degmtition and the poatenor cerebral artery or artery of vision which 
supplies the visual cortex, the lower visual centrea In the th a l a m aa and 
mMiram and part of the optic tracts. However it a not possible to appl^ 
very doscly tha concepnon of srterisl dlstributum mtnguing though it 
appears to be on first accpraioance. Such examples as seem to illustnte it 
are probably to be explained mainly on the basis of the natural proximity 
of structures wtudh are funcoooally assocaited with each other 


4 VEINS 

Compared with their cocrespoading artenes, vans have a cooaideiably 
larger lumen and much tbinniT walla (I^ fia) The larger lumen is related 
to the fact that the venoua system Is refund to transmit m a given tune 
^the same volume of blood u the arterial sjste m, ahbough the rate of flow 
in veins is much slower The thinner walla, which are associated with the 
relatively low venous pressure, render ^ns eaaflpr compressible, and ihw, 
as we shsU see, is a actor of some importance in promoting the venous 
circulation. 

In structure, the wall of a -ron is somewhat snnflar to that of an artery 
Apart from the fact that it is much thinner however It sbowa a strong 
contrast m the poverty of muscular and elastic tissue (the place of which is 
to a great extent taken by white fibrous tissue) snd in tne frequoit lack 
of any dear distinction between the tunica roedu and the tunica adventitia. 

The tumca mtima comprises the endothelial lining m ^vhich the Indj 
Tidual cells tend to be less r^ulariy disposed than m artenes. Some elastic 
fibres may be found m the sub-endothellal tissue, but they do not form 
a conspicuous elastic membrane. The compo si tion of the tunica media 
and tunka adventitia vanes very considerably from one vein to another 
Circular muscle fibres are commonly found In amaTI amounts in medium 
and large sired vans, mingled freelv with collagenous fibres. In some 

vettcls,c.g the puhnonary vans, the deep vans of the penis, snd the utenne 

veins dunng pregnancy thb muscular tissue is fairly conspicuous. In 
othcri It IS completely absent — tiiese indude vans m the brim and spinal 
cord, the mtracrankl venous smuscs of the dura mstn - the veins of the 
retina, and the vans of bone marrow 
■Rio tunic »dTentiti* tmnJly coniiit» miJnly of -white fibrom tmue. 

In Uije It mey be VOT thli rdttrdy to 4e other rattt. Bid It mi. 

contiin elMtic tmne rad fongitudinally raimnged mtnefe fibres. These 
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In thl» cue the mtin blood it found to be denred from *n ibcr 

nnt’ yeitel, end the pottlble rnttence of tuch ibemnt reuels aometinKi 
require* to be taken mto iccotmt by the operating turgeon. 

In certsm organ* and tmuei the diatributiDg ar tenea hare nonnally no 
direct anattomodc connenoni Trith Deighbounog Testek. Such arterka 
are termed end arteries Ttd it be apparent mat, if luch an artery a 
Interrupted, ha t em t or y of supply will be complet^ and permanently 
cut off from the orcukdom One of the best examples of an end artery a 
the central artery of the retina. A blocking of tha Teasel by a thrcanbocis 
or embdas lead* to blindikeat in the eye InrolTcxl, alitce tbm k no alter 
native route through which the retiaa can get a blood supply 
Recent studica of peiiplieral blood ves*^ have thown that true end 
arteriea are not to common u had been supposed. In the substance of the 
brain, for m stance, the amall arteries m tbe grey and white matter anasto* 
m ose quite fteely through the capillary bed, and alto to t limited extent 
even by direct conoexioDt. The anattomoais, however k not sufficient to 
pemut of the estshlkhmimt of a coQaienl circuktlan If the main tcskI 
supplying a particular area of brain tissue k In terrupte d, so that, from tbe 
practieal point of view tuch artectes are functional end arteries' emi if 
sudi a description ts tnco c rect aoatoimcally In other words, if s vessel 
entering the brain ts blocked, the area which it snppHca becomes com 
pletely devisenknaedsnd eveotoally ondergoca necro^ Thkakospplka 
to many other atmetures (such aa dte ^een and long) m which the fii^ily 
ing veuek hare been deactibed u eadartedea 
Constancy of Tuscnlnr supply Tlie rclatrre copsta n c y of arieml 
supply is a quettion which hu occupied the attention of morphologists from 
tune to time. As we have noted, the vasenkr supply of sny organ or tksoe 
ts det ermin ed partly by morphogenetic ketors and partly by m echymc al 
c on T entemr , In so far u the ktte piedominates In ^ productioD of any 

Txacukrpattem, tbe main chanuek of blood supply to a pcrtlcukr morpho- 
logical etemeut may be expected to vaiT from one spedes of arumal to 
another m accordance witn ranatians m its relative sice and position. 
This, in frut, doe* occur to a certain otent, so that altem pt a to bomologm 
structures m different TYtmali by if to their blood supply tre open 

to fslkcy It is known that m tr^ erolntionary development of the brtni, 
for example, homdogous vttenkr ti^r n t n r l M, supplied pnmtrily from 
ocaeotavc, enej' tap es<jt}:cr efffsitv thei ^!potr tzf be is 

d iff er en t ipeaes from different parent stems.* Nerortfaelc**, compsrative 
■rwt n m y provides many {Unstiations of the constancy of Tttcultr supply 
and of the persistence of vasenkr diannek even thoogh tbe course which 
the Utter come to follow may appear meehamcaHy dkadvantagcoca. 

suggestion k tometnnes msde that the dktribnnan of the branches 
of a TTiam artery u determined by fuDctional consideration* as the result 
of winch structure* taVmg part hi a ifimnwi tetmty tend to be viscu- 
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With venuki and in some tittoes the pemwabihty of the venules may 
greatly exceed that of the cipilUne*, In other words diffusible substances 
m the blood can pass directly from venules Into the surroimding tissues, 
and It IS possible also for absorption to take place m the opposite mrecOom 
Valves Most vems arc charactemed by the presence of vahres arranged 
at mtervab along their course, and so disposed that they direct the blood 
flow pronmaHy They are formed by a irduplicatiDn of the lining endo- 
t Mr Tm , b e tween the layers of which a an extremely thm stratum of fibrous 
and els^c tissue. The endothehal cells on the surface towards the lumen 
are disposed longitudinally (as elsewhere m blood 
vessels) but on the opposile surface their long axes 
are tra nsverse. The cusps of the valves arc crescesitic 
in shape and usually arranged m pans, though 
(particularly m the Urge veins of big mammals) 
there may be three or four in one group 

It IS s^-endent that valves serve the function of 
preventing a back flow of blood in a distal dirtcUon- 
T^ IS apt to occur at the juDcuon of tributaries with 
a msm stem, especully since the pressure m a small 
Tem IS scri&etiines lower than m a larger vessel 
Consequently valves are most constantly found m 
main vessels unmedutely distal to the entry of a 
tributary and also m the tributary itaelf close to its 
termination.* Many vems, however are co m pletely 
devoid of valves, e.g cer^ral vems and veins of 
bone marrow This seems to be related to the fact 
that such vessels are not exposed to mtermittent and 

local compression by surrounding structures, for as ^ ^ 

emphasised by Kampmcicr and Birch,» valves are m ot ••hkK be*n 
general confined to veins subject to external pres«irc or«pttoywih*dt». 

a j 1 ^ ^ pomticD 0* tbe Tvnoui 

or liable to be tnnoeoced by muscular movementa, ralret. 

e.g m the hmbs or m mobile viscera. 

Venous valves first appear m the human foetus at about 3J months by 
5k months the full quota of vahres has probably been acquired- There is 
some evidence that their number may dimmish after buth and with 
advancing age but, owmg to the mdmdual vanibility in the number and 
distribution of valves m different vans, many more observations are 
required la order to establish this with certainty 
Venous paths In the adult, vans very commonly run with arteries 
Most medium artenes (e.g of the arte of the bradual artery or smaller) 
are accompanied by two vans (omoe apmia) ooe on other side, which 
are closely bound down to the artery by fibrous tissue and connected 
with each other at frequent Irttcmb by cross connexions. Larger artenes 
are usually each accorapamed by a single Urge vem and, m this case. 
The iweftioo of tiJtu c*n o fte n be recDsabsd In the cmtM rJ -< ■ ^ t 

U. t-ln. ,hk± ri.. 
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TiratKmi In the compcritkm of the tunica tdrenthla undoubtedly rqsreteot 
fonctionil tdiptfltioa*, though their relation to the latter a not alwiyt 
clear The collagcnoua fibres m the 'waH of the mfenor vena can and 
certain other veini are arranged aa a regular crha-cro« apinl network, a 
diapoaition which ia apparently related to the need for functional r^«ng i^ 
in length.* According to Frankhn,* the pr caence of a weU-deveJoped 
longitudinal coat of dude and nnnde fibres on s vein such as the mfenor 
vena can no^ only allowB of changes In length (aasoctaled for example, 
with movements w the diaphngm) but also protects the vessel 
external pressure. He notes, h o wev er that in magy animak (e.g dc^ cat, 
and rabbit) the inferior vena can contains praetKsUy no musailir tmue 
in Its walL Elastic tmue will clearly allow of i rapid r e tu rn to normal shape 
when a vein baa undergone dcfonnatioQ by external fonxa. Where a 
longitudinal muscle coot U present, its fibres loop round the openings of 
tributanei of the main stem in a charsctenstic way and there is some 
evidence to thaw that by their contimedoD and rclaxadoo tb^ can constrict 
or dilate the openlngi and to regulate the volume of blood wfakh a bang 
returned by tiilratary vetsclt. Such i mechanism has been described 
in the hepadc veins where they jom tlw mfenor vena cava. Another type 
of tluice-valTt mechanism oocms in the vans of the penis, where v^ 
thin walled tributaries drtln mto vans WTth thick muscular wills. Bythor 
contractkrn the Utter can throttle bs^ the venous resum and so produce 
the turgidity necessary for erection.* 

In aquatic numimk, wUch are accustomed to dmng for prolonged 
intervsk, the venous retom to the heart a controlled by special rmBCular 
mechanisms. In the porpoise and seal, for example, the infenor vena can 
is enclosed by a definite sphincter of striated muscle denred fiom the 
duphrigm and Innervated by the phrenic nerve. Con traction of this 
sphincter controls the entry of blood Into the tight atrrum of the heart 
durmg submersion, and the venous blood is temporarflr accommodsted 
m hr^ scpnhepatic venous smuaes si t uated between ^ Hver and the 
diaphragm. Enrfh^ ■nhmetfrtr TTuyhanttma rrp pTmtiffd ?n thoa gntmal s 
by local thickenings at the cuculsr plain muscle m the walls of the bqutic 
Tcmi^ 

The ultimate venous radicles (or venules) dlfier f r om true GSpHlanes 
by the &ct that tbetr wall is supported by a thin but definite byer of 
condeued conneettre tiasue. It u of some nuportsDce to real tie that, 
m spite of thk, the walb of venules poseas a degree of permeability which 
b commonly supposed to be limited to the capillaiy endothebom.* Experi 
mentsl o b s ervali ons bare shown (in skek^ musdes) there b a naolent 

of permeability In cspHIanes, Incrauing to a maximam at the junction 
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diffuie vttcukr network of the cariy embryo (ace p 191) OntheYtno^ 

tide of the circulation, the partial pertistencc of thit network is shown by 
the frequent presence of crow-anastomoeta between one vein and another 
Portal ayatems In that course procmoally certain veina may break 
up ig^m into a plexna of capiUanea or tmua^da int t cad of continuing 
directly into mam venoua truidra. Such an arrangement la termed a por/nf 
systan and it prondea a whei^y the products of absoiption from 

a venooB drainage area be nnmediatdy tnoisf erred to the nasnea of a 
neighbouring organ, without the oeceaaity of passing through the heart 
and lungB and bang diitributed widely over the body by the arterial ayttenu 
The portal circulation of the Uver la the main cuunpk of this vascular 
medunism. 

From aH parts of the alimentary tract, indudnig organa such as the 
and ^leen, blood k conveyed to the liver by the portal van. 
Here the van breaks up mto tmuaotdal vtaaela so that the blood is brought 
mto the moat mtnnate relation with hepatic cells, allowing of the absorp- 
tion of products of digestion. Once more the blood is collected 

up by venous tnbutancs whiai transfer it along the hepatic veins to the 
i^erioc vena cava, and so to the heart. 

In lower vertebratea (e,g Amphibia) m which the bdnOT is derived 
embryologicsUy from the mesonephros there is t renal pcrtal arculation. 
This has completely dmppearea m mammals, e x cep t for a tranartory 
appearance which it mxv sWv during anbrvomd deveiopmesti 

Acatotnlcal factor* coooamod in the peripbem venona dr 
eolation The flow of blood aloas veins u pnmanly dependent on a 
p r e ss ure gradient, the pressure diminishing progresahely from the peri 
pheiy to the heart. This is the result of pressure changes related to the 
csrdisc cycle end also of the negative pressure m the thorax produced by 
respiratory action. Auxiliary mechamarns may be brought mto play to 
assist furdier the venous arcukdon in penpberal vessels. Of thj^ the 
most important ti muscular action. 

Wherever vans run In tmmediite relation to muicks, they are liable to 
compression during muscular contraction. This is psrhoiiUHy the 
where the tissuct arc enclosed m a reautant aheath of deep fascia which 
holds down contracting muscles under considerable tension (see p 51) 
Since the veins sre here Ubaally supplied with valves, their compression 
will serve to drive the blood in a promnal dircctioiu It will be realixed 
that this mec h a ni sm u of great tmportxncc m promotmg the venous return 
from the lower extremity where, in the stsnHrng posidon, the drcnladon 
has to overcome the effects of pxvrty Furtha- it will obviously be most 
effective in the esse of intermittent muscular contraction. Prolonged or 
sustained contrictiOD indeed, may have the opposite effect by obstructinK 
the venous return along the deep vans. In this esse, the blood is divo^ 

into the supcrficitl vans by the numerous connexioas which link up the 
tuperfidil and deep vessels through the deep kseta, and tl* superficdil 
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the Tceseii »re cIo»dy bound together by a condematiofi of connec* 
trve tiwuc which may •ometin>c* be defined by dttaection a* a aort of tubo- 
Ur aheath. Undoubtedly *uch vaacular aheatha arc often docribed and 
figured m syitcmatic text botdta of anatomy wnh a preckion which b not 
to be found m nature — nevcrthcleaa they do provide a relatirclT re abt c i t 
covering to the veaacia which may be of aomc importance in the venona 
arculation (mde vifra p igj) 

The close topograpmcai relation betw e e n artenal and venoua patha 
appears to be a aecondary arrangement for id the early alagea of vaKidar 
development they do not utually follow i common route to and from their 
temtory of aupply This a particulariy well eraphiaaed m the Hmba, 
where aa we shall a« the mam artery « prunanly axial in poaitKm, wbUe 
the blood ta returned by auperfiaal margmai veioa. It may be pnwamed 
that tMth further djfferentiaoon of the limb*, tt become* nacchamcally da- 
advanttgeouB for the ’.cnou* drainage to take place esjtirciy by the aoper 
ficial \C8Mb and alternative deep route# are developed along the atme 
faacul planes already used by the artcnc# Although these new chinncb 
become relatively large ai least in the proximal part of the limb*, the more 
pnrmtive auperficial veins scill pcrtui *a quite trnportant alternative route* 
for the \enou* return In some part# of the body there i# no doae Mao- 
cudon between artenea and vein* Thia la the case, for cample, m the 
brain where quite dilTerent route# are followed by the afferent and effereot 
blood suppl) of many arcii Here the primary vascular arrangement b 
not diaturbed by raediamcol influence# of muscular movement and I«d 
external pressure auch as occur m the Umh*. 

The angle at uhich a veooua cnbucary enter# a marn ateta t# to aeaie 
extent related to haemodyrumic factors The relatjoc however la lea* 
consistent than i* the case nub the branching of artenei because the venou# 
blood prcMure la #o much lower m some instances, indeed, tributaries 
enter tbeir parent atem# «t what Becros to be « diudvantageou* angie. 
Thu* the left spermatic vein joins the left renal vein at ippronmitely a 
nght angle and it ha# been suggested that the reaistance which the vtoous 
return encounters at this abrupt junction may be partly responsible for 
the comn on occurrence of a left #ided >ancoccle 

In the brain the eupenor cerebral vem* enter the sagittal venotis wnus 
in a direction opposite to that of the blood flow in the latter According to 
Stoplord, this i# a mechuniem nhicb provides for a raiaing of the presaure 
in the peripheral enou tnbutonc# and to guard* agturui the coJJapsc of 
the tbm uiiicd and easily omprcksiblc cerebral >cina a# the result of any 
temporary nsc ot incmcramal pressure Ihcrc ii some evidence bowe^er 
to aiigge t that this unusual \enous pattern t* the result ot displacement 
of the tnhutanei during Kro% th ol the cerebral hermipherca 

In genera) \eaou8 path* n the adult arc muii) more variable than 
artenal paths rhii i undoubtcdlv related to the fact that haemod>Ti*nuc 
factors pU\ a leM important part in their differentiation from the primordial 
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connaKou, » that, m effect, they form » venous plexus doselj enthesthing 
it, tnd m the of nuui artenil and vecoas c l^nnch vrlucli tre enclosed 
m a common vascular aKeatb of resittani and mdastic faacta , rt mar be 
inferred on anatomical grounds that the pulsation of the artery must have 
a not inconsiderable effect m dnvmg tiw blood along the accompanying 
veioa. 


5 VASAVASORUM 

In &e caie of all mMmm-fized and large artenci and reins, the vralh 
of the veisela require their own raacular eupplv to mamtain thar nutntion, 
Thi» IS pitmdea by small artenea which are derived cither from brancbca 
of the TTum stem or from neighbouring artcnc*. They are termed vasa 
casonan and m microscopic terttona they can be seen to break up into a 
capiDaryplcxuainthedeeperlayeraoftbctunicaadvtntitia Thcyprobably 
do not usually penetrate more deeply the middle of the tunica media, 
though m Tcma they are said sometimea to catend almost to the tnmea 
mtTTTtt In both artenea and vema, however it appears that the nutrition 
of die toiuca mtuna and the deeper layers of the ttuaca media n mamtamed 
(at kaat pardv) by diffiwion from the lumen of the mam Te a s e l through 
the lining endotheUum. 

Interference wrth the normal blood aupply from the vaaa ■ v asorum is 
befiered to be a factor of considerable importance m the production of 
certain pathological affections of the vascular mtem. Accortffim to 
Telford and Stopfotd,’ long-contmoed untati on of vasoconstrictor ftrea 
of the sympadictic nervous s yst e m leads to theg constriction or obhtcra 
tion and to interfcrei with the nutntion of the vessel wall which they 
aupply As a result of tins, the muscle tisaoe m the mam vessel undergoes 
degenerative changes and « replaced by the deposition of fibnws tissue, 
vrfnle the mternal elastic lamma dismtegratea. These nutntiopal effects 
lead uhunatdy to a thickenm^ of the wlmle wall of the veasel and some 
times also to thrombosis within its narrowed hanen. Such a sequence of 
pathological changes may occur m the artenea of the upper limb as the 
result of p r e ssur e on the bradual plexus by a ccmcal rib In tbiy 
the vascuLu cotnpEcatioiia are probably due to mechanical untation of the 
Ttsoennstnetor eprea which are present m the lowest trunk of the brachial 
plexus.* It IS suggested that the degenerative dunges which occur m 
the wills of arteries m aasoaatiaa widi senility may also be the result of 
pathological obstructioti of the vasa vasorum. 

It may be noted that lymphatic captQanca are present in the turuca 
advenuna and tunica media of all lar^ vessels. These dram into pen 
vascnlar lymphatic plexuses. ‘ 
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vdnB nay then be loaded b^^md their nonnil cipaaty i It folkrwi that 
pathological dilatation or varicoain of tnpeifictal 'veini mgy be 
tnth excejaivo muacolar ezerdea It ii q1»o the caae that moacultr 

activi^ or poor muscle tone may prtdiipoae to Tancoertiea m pcriphenl 
vems m the lower extremity since, under these conditiona, muscic tetwQ 
does not play ha normal role m promoting the venoua arcuktion. 

Wood Jonea haa emphaaiaed the rdaGoa b e t w e en yawning and the 
TCDoiu dirulation- Wh^ the nmacular ayatem a entirety rctoxd, as in 
aleop the Ttnoua return no lancer rt cehca the aid of muacolar tcrinty 
The act of yawning acederatea me return, partly br the deep inm inu on 
which monvjitarity mcreaaei the auction action of the thorax wfai& at the 
aame tune rataing the Intra-abdominal prtsaure, and partly by the Tigor ou i 
contraetkm of mnsdea aH over the bc^y which hcl^ to empty the peri- 
pheral Tcios. In this connexion Wood Jonea baa a^ drawn attention to 
the fact that grirrak whicdi do not He down to aleep or do not cxanpletety 
relax their muacuhturc during rest, do not ati e tdi or yawn when they 
awake. 

Another &ctor winch must be taken into account in conndcnnf the 
blood flow m peripheral Tcma u the enatonce in many parts of the body 
of artetioTeiuHia aoattomoses which pronde au ihtmative ihort-cuniitiDg 
r o u te hnking op artcnolcs wWi venok* {ad* arfrOy p. 186). When the* 
anastomotic cotmcdoin are opened by relaxaton ^ their moamlar walb 
they p e rmi t of a direct flow from the arttnal to the Tcnous syatem, with a 
correapooding rise of pleasure in the penphenl veoulea. Under these 
cemditWa piilaatioQ may even be tranamitted to the ram. 

The question DOW aiiM whether penpheral Tcina are capable of ihythimc 

contractioti by virtuo of theu" own nnaculatnre, and, if so, wbetba' dm 
mty provide an additiocial icopetiu to the venous retnrn of blood. It h 
wcU eatabhahed that the plain muscle m the walls of velni reacts to 
mechamql ■timnli and to stnnulatum of the ■^mpathetic nervous fyaton. 
Observations have also been recorded of puliMile vems, of which the most 
quoted examples are those of the bat's wing In this case, however the 
venous pulsabon is evidentty the secondary effect of numcioos arteno- 
venouB anastomoses whKtii are present here in the peripheral arcnlatian, 
and this Is probabty also the explaostion of the inherent pulsation which 
has been described m venules elsewhere. There », m fset, no caacharve 
evidence that the veins can s cceJer s te the blood flow within them by their 
own mtnnsic activity 

'The immediate pr oxi mity of many vans and artenei has suggested the 
possibility that arterial pubation may direetty influence the venerm flow 
by a TTM-rJxniral compression of the accompanying vena That such a 
rhythmic compresdnn doo ocenr has been demonirtraled with certain^ 
though It ta Hrffimit to assess its rdative nnportsnce. In the case of vmu 
cemUt winch arc firmly bound down to tne artery by numerous cross- 
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arteriovenous anastomoses le? 

there u evidence tiuit •when the ikin n gmdually -rramed or cooled their 
reaction* »rc rtUtively ilowcr » In the *kan of cold-blooded ^ebrates 
the UMtomcac* are not present As siready noted, they have been f^d 
to be psTticukrly numerom m b»t* wm^ over the membranous surftce 
of rrhich beat loss must be qmtecoimderile It is interesting to note, sUo 
that * plenuM supply of arteriovenous anastomoses vn\h an extrem ely n ch 
innervation Iry been recorded In the tongue of the dog and it is suggested 
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that thi* 11 related to the method of elimnutting beat from the body by 
panting which is cha r acte r istic of these aniinjd 8 .a Other regions m whi^ 
artenovenoua anastomotea have been described include the tbrrotd gltndJ 
(where their function la probably related to tbe fluctuating activity of 
different group* of thyroid follicle*) and fympathetK gtngbt.* 

In addition to controlling the local cucalation, artenovenous anastomotea 

Rj T Grant and E. F Bknd, Ob«enradgo« oo emrioraarat 
•padal rrfewnce to tbe re tikw to cold IB »a*»u*no*«*, 

in tiM of tl» 

“ ** i» B» Itrimd 



i86 blood vessels 

6 ARTERIOVENOUS ANASTOMOSES 

It IS only in recent yean that the widespread w T i n wvy of mmnte anaato- 
inosei directly connecting arterioles with venules has been generally 
recognized, in spite of the lact that such w>nri»r^mi> were tcCbally recorded 
by mdividoal obserren otct yean ago The common that 

the peripheral drculatioii can o^y b© completed by the percolatian every 
wh^ of the blood through tbo capillary bed ia now known to be not 
entirely correct, for in many tismes there are abundant artajorenoua 
anastomoses which can effect a ahort-drenftnig of the blood 6om artesiolei 
to venules under certain conditioQa. Tlie importance of such a mechanism 
for regulating the supply of blood to these tissues can hartfly be orer 
estimated. 

In their studiea of the circulation m transparent chamben m nbbhs 
ears, Clark and dark hare described the chuacterisdes of arteRorenoos 
anastomoses m some detaiL' They arise as side branches ^pom the terminal 
MTtenalet and ther a very ihart comae run directly into a small venole. 
The muscular wall of th^ anastomotic cToss-cmnexlons a remarkably 
thick, and u pardcukriy well suppUed with vasomotor nerves. Observanon 
On the hying vessels has shown tl^ they contract vigorously on stunuktian 
of the sytopatfaetic nerves which supply them, and in the normal animal 
they also show a rhythmic contractility tmnT to that of artenoles but 
usatlly with a higher frequency The thick omsculir coat of the anssto* 
moses is to be regarded fuDcdocaHy as a spUncter 'When rt contracti, the 
blood k (Greeted abttfi the artdnole into the capHhuy bed. When it 
relaxea again, the bkoa k liy passed directly into the venole, and the 
mnUary carciiktion U temporarily daninisheti or completely shot dovm 
(Fig 66y 

Artenorenous anastomoses may therefore be expected to be a cnrnfnnsi 
feature of the orcnlation In those tissues wbci*e metabolic actm ty is of an 
mtrrmTtteot nature. This indeed s eems to he the case. They are (pdte 
numeroua, for example. In the mucous membrane of the gastro-intestlnsl 
tract* During active digesfirm, the anssmmodc channek are dosed down 
so that the blood must dreokte through the capilkiy vessek which take 
part in absorpticm, and in a finting penod they are relaxed since there is 
no need at dme for a complete flooding cf the capUkiy bed. It will 
be noted, inadun tally that the openlcg of these anastomoses will raise 
the venous preonre m the portal sTatem. 

Abnndint artcnovenoui ansstcTtnoses are also found in the skm. Here 
their main nnportsncs seems to be temperature r^uktlon by pennittmg 
a much more rapid cdrcuhrtion than It poKlbk through the fine ne twor k of 
the capfikty beo — ben ce they are especially mnaertTos in the more exposed 
parts such as the fingera and toes, nose and Dps. Ahbongh in general they 
react to temperature changes In the same msnryT as ordinary irtcnolcs, 

E^R, f>rlr anJE.I..Q«lfc,*liiriM*ltniurUMJU» WfnmniM I 
lotD tba rabbit’s ttt’ Amt r Jomnt. Am^ 54 : 
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the Utter * In tha ■^y the anEoblastic cordi become converted into a 
rctiailmn of hollow tubes of wtuch the pcnpbertl cclU form the lining 
cndothchum (Fig 67) The central celU remain for a while m dumps 
adherent to the cndothdial Imlng formmg what are termed ‘blood islands 
but, as the pUsmi further mcre asea In quantity they become detached and 
*et free within the embryonic vessels. They are the precursors of blood 
corpoiclea. There is reason to beheve that red corpiicka arc developed 
from angioblasticcelU within the hnncn of the vessel while white corpuadea 
arc differentiated catravaacularly from the same type of cell and find their 
wiy secondarily into the veasd. The white cells, it may be noted, make 
thor appearance Uter tVisn the red and are not really abundant m the human 
embryo until the latter is about one month old. Meanwhile the heart and 
aortic tubes are devdoped m the mtra-embryonlc mesoderm and, when these 
establish a connexion with the vascular network in the wall of the yolk sac, 
a closed system of vesscU is finally completed snd the mrculation begins. 

It was generally supposed by the older esnbiyologtsta that, with the 
cxcMbon of the aortae, all the blood vcascU within the body of the embryo 
are lormed by direct citcnsiofts mto the Utter from the vitdline plexus, 
Expenmentsl evidence first threw senous doubt on this conception,* It 
wu shown, for mstsnee, that if the area vasculosa of the yolk sac of a 
developing duck is separated from the body of the enbryo at a time when 
the Utter is not yet vascuUnzed, blood vcmcU appear subsequently m the 
embryo in the normal manner 

Dialled studies of human viaculogeneau have also dononxtrated 
beyond doubt that vetseU make an appearance simultaneoualv and Inde 
pcndently in the wall of the yolk aac, the body stalk, and the cbonon 
there IS some evidence mde^ that they appear alightly earlier in the 
chononic vilh than in the bo^ staBk and t^ yolk aac.* It is ^erally 
agreed that, as toon as the differentiated vetaeU have become linked up 
to form a doacd yst e m m the embryo and the arcuUtion haa begun, 
any further extension is brought about by a sproutmg of pre-ciisting 
capiflanes m other words, after this stage of development vasoilar endo- 
thchum can no longer be formed by the diffcrcntiaUon of mesenchyme 
cdU but only by die proliferation of alreadv differentiated endothelial c^lU 
There are, however a few exceptions to tlui general statement. 

Hughes* has shown, from hn studies on the area vasculosa of the chick 
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m*y Bttut the venoa* return of blood Not only do they ra»e the prewire 
in the pcnpberal venule* by thar relratxon, but by thar tetrve md 
rhyt hm ic contriction* they provide a further impetus to the circuktlon. 
Pathological conditions coodated with venous stasia, therefore, such ts 
vancoMtie*, may owe their origin not to any inherent primary def^ in the 
vein* tbemselvea, but to some fonctKmal mterfertnee with the nervous 
mechanism controlling arteriorenooB anastomoeea. 

Clark and niiA have found tht if in rabbit s ears, the drculidon is 
suddenly mcretaed by some local stnnulus, new artenovenous anasto- 
mooc* may bo developed in the coune of two ■ur three days in order 
apparently to cope with the augmented blood flow i When the orcola- 
tory conditions have once more become itsbilned the anastomoaei revert 
m structure to ordinary capillary vessels, or they may retract and disappear 
entirely It appears, therefore, that these anastomoses provide a means 
whereby the peripheral circulation can adapt hsclf quite rapidly to new 
and chang in g condMont, 

In the foregoing desenpdon, it has been mentrooed that the nmwubr 
wall of artenovenous anastomoses is well developed. Tlie muscle fibres 
are m many case* of a modrfied type, sjTnulanng an epithelium. Indeed, 
Schumacher has described two dlnerent types of ana s to mosa, and In whkfa 
the tunica media contains ordinary amooth mosculatnre, and one in which 
the muscle ceJti are epithelioid m darecter* The litter type is very 
tortnoGS m rti course, tod occurs m cloae^ packed groups. It has been 
soggested that the epltbehoid cells expand and contrset m response to 
rhemtffal g nmiili , tbi^r ifby shotting tnd opening the T ut frmi nrig dunn eL 
However the evidence for such a mcchannm u not clear 

Direct art er wr en oGS communications may occur without the inter 
Tendon of specialized connecting channels. Such a connenoc is found m 
the pkeenta, where arterioles open directly mto the venous blood spaces m 
which the vim of the foetal cb^on ore suspended. By this arrang emrnt 
the vilH are eoepoeed directly to fuDy oxygenated blood- 


7 THE DEVELOPMENT AND GROWTH OF BLOOD VESSELS ^ 

All blood vessels anse embryokmcaSy t* a differentiation of me*ai~ 
cbymal tissue. In lower vcrtdirttesmey are first evident m the mesodermtl 
covering of the yolk sac. Here local patches of prohfeiiUoo give nse to 
isolated clump* of which are termed eitgiMasit^ TIksc send out 
sprouts whic^ imiting whh each other form a network of mterfaang 
strands or apobiastie cords While this proce ss a going on, the angio 
blasdc tKf iiLf U t» * undergo drfferentiadon- Tbe penpbeially situated ^ 
r.>Tk are flattened out a* the result of pressure, partly caus^ by tat growth 
of the central and partly by the accnniulation of fluid plasma among 
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endothelial protopUam in which at fir*t the endothelial cells /onn a 
syncytinm with no definable cell boundanea. As the bud extends it 
becomes canaliied and the endothelial cells become separately defined. 
Adjacent buds effect connexions with each other and establish m this way 
a contmuous network. It has been estimated that m the rabbh'i ear new 
capillaiy buds grow m length at the rate of aoo p-fioo ^ a day Newly 
formed capiUancs can become converted into larger vess^ by the depoti 
tjon m th^ walla of m'srl^ cells or ^Ilageiioui fibres The latter arc 
denved from fibroblasts, and the former apparently from the fibroblast 
like of Rouget which He in conti^ with the capDlary endothelium 


\^th the possible exception of the dorsal segmental blanches of the 
aortae (which appear to iproot out aa separately defined vessels) the 
principal vascular in the emb^ including even the heart and 

the aortae, arc differentiated from a dimise primordial capillary network 
in which at first no sign of the future vsscular pattern is cviocnt The 
manner m which thu pattern crystalhxea out of the bomogeneoua plexus 
has been described by WooUtrd in bis studies of the development of the 
hmb vessels m the fore Umb of the pig » When the fore Irmb bud first 
appears, it u vatculsnzed by five segmentsl trteries from the dorsal aorta 
{the cth to the 9th) which contribme equally to a common capillary net 
As ^dopment proceeds, the seventh segmental artery becomes m 
cretsm^ dominant while the remaiamg segmestal aitenes dwindle and 
finally d^pear altogether Along the centrid axis of the limb bod, 1 e m 
the direction naturally followed by the drcoktin^ blood which now cntcra 
It throng the serer^ segmental artery a main axial artery begins to 
differeotnte. The component elements of the capillary net along this Ime 
u nder go enlargement uad form a re tlfo rm line of chaimeU, wmch soon 
stands out u a definite p a t h way m the midst of the generslized capUaiy 
net This axial strand becomes mcreasingiy isokted from the capillary 
net by the disappearance of maiw of its dirtrt cotmenona with the ktter 
and It is conrerted into a smgie main stem partly by the pro gre s ai re 
enlargement of certam component p arts of the leash and partly bv thar 
tnagtnce with each other Comddmtally maigmaj veins oe«jme differ 
cntiated at the pre axial and post axial borders of the limb bud for the 
return orcnlation (Fig 68). 

Wooiixrd therefore recopuies three stages m die development of mam 
srttnsl stems, (i) the dimiae capillaiy net, (2) the rrtifonn stage, and 
(a) the formation of a definitive stem. He suggests that the first stage 
depends on purely morphogenetic uctors, being detenmaed by the inherent 
of certam cells to form blood Teasels and blo^ cells, while the 
MCtoTi determining the vanems patterns which the vessels uhnnstely 
in the limbs (Le, stage* a and 3) are mechanical (haemodynamic) 
mftucnces working during ontogeny 
to the early human e^iryo the circulatory system is relatively ^ pl f 
and tymmetncal in its arrangement. Two ventral aortae (winch em er g e 

"I wi«b 
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blood vessels 


embryo that the peripheral ottcaiKm of the area, eren after the drcoktion 
is es^liihed, probably takea place to *ome extent by the convcmon cf 
mcaenchyinc cella into cndothdUum to vrdl aa by cell diriaion within the 
veseel waHa, Ho foond, for etamph?, that while m moat of the TcticU b 
this region increase b dlarheter b brought about by proliferation of the 
endothelial cells, and U therefore accompanied by a coirespoadbg increase 
in endothelial nuclia, m rapidly en* 
larclng vems cell dtrblon in the 
endothehom (estimated on the baaa 
of counts of ndtouc figures) U not 
sufficient to sccoont for more than 
ooe^fifth of the sctoal increase b 
the number of endothelial celb. It 
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ja presumed, therefore, that m this 
case the remsining four fifths of the 
endothellsl cefis are derived bom 
mesenchyme ceUa Wbg b contact 
with the vessels. Inere b no en 
dence, howev er that new blood 
veaaeb can appear or increase their 
diuneter b the laitr stages of em 
bryonic development othffwise than 
bv proUfermoa of the endothefinm 
ot pre*«xiatbg veaaeb. This b quite 
c c iain ly the case b poat'Ciatal life. 

The extenabn of new capiliaries 
by the fonnatxm of vascular fmds 
not only nrondes the basa for the 
growth of blood vtmb dumtg nor 
mal development, it b abo an easen- 
bal process m the adult b the adjust 
ment of the peripheni orculstion 
to v ar y in g fuDCtioaisl demands, and 
in the vaacular reaeffom to infirm 
ro atO Ty stimuli. There u evidence 
to sb^ that, under nonnal stable 
conditbns, new capiUarKS are coc 


tbually being f orm ed b thb way while otbera may be re tr ac te d and 
absorbed, so that the capilbrr patten in any part of the body b quite 
pbstb and capable of altentiOQ from time to tune b response to the 
slightest chaega m the Immediate environment.* 

Vtacobr buds, it should bo noted, can only be formed from cn»fllariea~ 
when a vessel acquires nmsculsr or coUagenoui tbsue b its wall so that it 
co n ver te d mto tn srtenole or a venule, h baei this p r operty 
The fonnatKm of endothdul tp xo ms b preceded by active cell dmsfcm 
b the endothclhim. The tip of the bod b composed of a solid strand of 


E. R. QbS sad B. OuS, Obaermiaea on Uriat pey fo r T pa d Uood Ttaaali In tba 
nbb^itsf* A»tr Jim*. 193*- 
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are for the rooat part replaced by the tccondary development of other 
diann^ It wGl be appreciated that thcac Mpheavid* affecting the vascular 
lyaton dunng ontogeny provide opportunities for the tppearnjce of 
vascular anotnahea owing to the poulbihty of arrested devdopment at 
one particular stage m cmbiyologi^ hatory 

Immediatdy a&r birth, hirther abrupt modificabons occur m adapta 
tion to the commencement of pulmonary respiration and digestive func 
tiona. The right side of the bean now becotnes completely ahut off from 
the left by the obliteration of a foramen (Joramai ocofr) in the mtcratnal 
septum the ductus artenosus — through which the blood dunng mtra 
utenne life it short-circuited from the pulmonary artery into the aorta — 
becomes obliterated the umbilical arteriea and vans which no longer 
transmit blood become scaled off as functionless fibrous cords and the 
ductus venoaui — a ihort-arcuiting channel which allows the blood from 
the alimentary tract to Tjy pass the liver — is also dosed down. 

Attempta have been made to explain these post natal changes on the 
basis of direct influences, such as those associated with move- 

ments of the diaphragm, and with the abrupt fall in pressure in the 
pulmonary arculaocrn which occurs on the fim ttspiratofy movementa. 
It seems doubtful, however whether these explanations ore esrtirdy satjs- 
fretory In the case of the ductus arteaiosua, at least, there u endence 
that Its definitive anatowatal obliteration u preceded by a marked prohfera 
tion of ita lining endothdmm, Le. that it is the rtsuh of an active growth 
process and not merely pasdve degeneration. On the other hand, the miffal 
funebonai dosure of ita lumen occurs very rapidly — probably withm a few 
minutes of birth,< and this is undoubtedly the direct result of a reflex 
mechanism leading to contraction of its muscular walL In contrast with 
the adjacent vess^ with which it connects (whose walls are composed 
predominantly of elastic tissue) the tunica mf^ta of the ductus utenosus 
contains a relattvely large proportion of plam muade. 


8 vascular PATTERNS 

We have noted that the mam blood vessels m the embryo become 
established u a differentiation from a diffuse capillary network. In the 
latter some c h an neb become larger and more dea^ while others 

may disappear altogether We have now to consider in more detail what 
factors determine that certam vascukr patterns should develop with a fair 
degree of constancy from a homogeneous network m individuils of tfie 
same or different spemes. These actors may be divided mto two m* in 
^egones— morphogenetic and mechauioil and, b order to diatinguish 
betwero them, it u necessary to mqmre m more detail how far the fonna 
tion of a definitive vascular channel depends on an Inherent derclopmental 
tendency which may be expressed by the tasues even in the absence of 

fc. n. to. rf tom. of to/™.. ^ 
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f¥om the tnmcu* irtenotui of the bent tube) tre ^rfth the doml 

aoTtae by a tciic* of aortic archea encindmg the pharyni on other dde. 
The do^ aortae are continued back into the Yrmhrftpal artcnea wlndi 
carry impure blood to the placenta. On tbor way ctudahnrda, they girc 
off a eenea of tegmental artenea to the body wall of the embryo and vM 
line branches to tbe ydk sac. Blood is returned to the heart by paired 
antcnor and posterior cardinal veuia which recoTe •«* gTn<»nta1 tribotirici 
from the body wall of the embryo, by vitellmeTeina from the yoJk sac, and 
by umbilical vema co nve y i ng oxygenated blood from the placenta. 


^Po^erwr cervfcdl artery^ 
Vertebra! artery— 


Subclavian 

artery 

Subclam 

vein 


Retlform centra! artery 
Cephalic vein 
, Volar 
imtwssem 



Fn. 6&. VeoWtl Ttrw of kft far^-Hnib of a-mni. pit Of tfae t rujiMijU j nw ria 

iriikli irnttkllr tqppfy the for^limb. oalr the atsa « tbe eet ilL "TTMlrT to fotm tbe 
■obciervD ettny The mem ^eeeli Is tbe limb ere diSereatieted from 

diffmt caj^lUiy aetwatk ee <***■«■» (From H. H. WooQcnl) 


This basic pattern u soon disturbed hj a series of c lan g es which appesr 
m some esses to be qurte ruvohibocaiy m nstore. fflie aortic arch syston 
becomes complete remodelled in ad^itatum to tbe efa ff ere n ttstion of tbe 
pi-cV region cbirsctensdc of higtiw* T c r te b rates and in rclstion to tbe 
derclopment of tbe pulnumsiy apperstns segmental artenea m many c as es 
disspp^ or longitudinal mtersegmentai tnistnrooses which Ernk them 
together become enlarged to form mam stem artenea such as the Tcrtebral 
artery and tbe mtenial mammary artery which run in a loogitadiiul 
directioo tbe csrdmsl reins becoine cohrerted, by oblitcratian of some 
parts of tbor extent and tbe addkkm of other venous dements, Into an 
aiymmetricsl system tnchtiirng an approximately riiwItTi inferior vena can 
and a single tupenor vena cava the temumta n of tbe umbilical and 
vitelline veins is invaded by growing miuf t of liver tissue m the irnrf al 
fbnnatioa of the portal venous cuculstioo and axial artenea in tbe Gmbs 
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pronde » tootIh fatttm xAich a {uncOosaHy iiUpted to tho requira- 
of the hmmn body Y« groB tmcuUt anomilia •ometmua oi^ 
as the result of the pcmttcnce of an aortic arch or of a part of a carfinal 
vcm 'which normally disappears. These cases may be regarded as c'viden c e 
of the morphologic^ Indwidualrty of specific blood tcsscIs •which expresses 
itself even at the expense of fun^onal adaptation- Indeed, it seems that 
some blood vessels are normally so conservative that they persnt in spite 

of the fact that they may be compelled, by the displscemait during develop- 
ment of the organs which they suppty to follow a course which seems 
mechanically mconvement. 

In connenoti, the blood sopphes of the kidney and testes provide an 
instructive contrast The defimtiTe kidney is developed from the meta 
nephros in the sacral region, and while m this poshicm it gains its blood 
supply from the iliac artenei- Subsequently it migrates m a cranial dircc 
ton to reach the upper lumbar region, and, m doing so it progressively 
changes tts blood supply ti diSerent levels until it finally receives its mam 
artery from the upper end of the abdominal aorta. Here we have an 
example of fimcticmal adaptation which enables the kidney to receive its 
blcKxf supply by the shortest and most direct route It may be noted, 
mddentally that one of the earlier artena of supply to the kidney occa 
sionally persists to form an aberrant renal artery a poaaibiltty of some 
chnical tmportance since such an anomalous veasid may actually lead (by 
mechanical pressure) to an obstruedon of the ureter 
The testis like the bdney also migrates during embryological develop- 
ment, but in thn case it starts m the lower thmcic and upper Imnlw 
region and 'wanders down mto the scrotum. Unlike the kidney it does not 
rV^n pp. its blood supply as it descends. Consequently the main vessel of 
supply — the spermatic artery — becomes drawn out mto an exceedingly 
long channel whidi has its ongm from the upper end of the abdominal 
aorta and requires to pursue a rather complicate course m order to reach 
Its objective. 

The development of the main arteries of the limbs provides a further 
illustration of the relation of morphogenetic to adaptational factors m the 
estshlishment of vascular pattema. In the moat primitive mammak 
(c-g Ormthorkynefau) the mam vessel of supply in the forearm a the volar 
mterosseous artery In tnarsupbis and most other msmnTk^ tha u 
replaced by the median artery OnH in man and other primates do the 
radial and ulnar arteries become well defined and cnnitTYt, Theae three 
stages in the differentiation of the forearm vessels are broadly repested m 
human embryo^ It may be supposed that at diferem stages in human 

development, different mechanical conditions prevail m the circulation of 
the forearm which detennine the change-over from one m*lr| vessel of 
s^ly to another giving nsc to what appears to be a true recapitulatjon 
of phylogenetic evolution. On occasion, however the earher stages may 
persist to form what are often redded as atavistic anomahes andrtanot 
unrommon to find a Urge median arteiy with much reduced or absent 

rtdial and ulnar artenca, even though the rest of the anatomy of the forearm 
is quite normal It seems that m these cases, also, morphogenetic factors 



iW BLOOD VESSELS 

a Dormal orcnlttian, and bow &r it u conditioned hj the rate of 6cfw 
and tbe preaauro of blood in certain componart part* of the prfmooEil 
network. 

Clearly the Imtial derelopinest of blood Teaaela winch 
before tbo blood begmi to drculato in them moat dqsend rather on geaertl 
hereditary' pnndplea. Lewn^ hat alto ahown, by idi observadont on 
colturea of the akin and lubcutaneoca tuaoe of cin^ embryoa, that 
lary vcaaeb can aprout and form pternaea a vttro in the tbaence of any 
drcnlation. Even after the time when the circulation hti naually com 
mencedt the further differentiation of vaacukr chaimda may pro ceed to 
aome extent mdependeinly of mechanical facton acdng through the 
drcnlation. Chapman* atndied thla problem experimentally by remonng 
the heart from chick embryoa. He found tb«t under these abnonnal con 
dibona they remained alive for aorcn or eight daya. By the time the cir 
eolation be^ina, the chick embryo baa a complete a T atem of blood veaaelt, 
and it ia in t eres tin g to note tto afto removal ox the heart the farther 
development of the vneaUr aystem ia not immediately stopped. New 
ca^dllanea are added at the uaoal rate in the area vxaculoaa on the anrfoce 
of the yolk sac, and a large anterior vittJlme vein la formed in the nor 
manner The differentiation of Train y»cnlar rhanneJs, however ta 
imparentiy very limited. TTiua, the omphalo-mcsenttnc artenca, which 
an^d put in an appearance drmng the developmental augo in which fbe 
expenmentB were earned out, foil to derrelop 

dark* made timnar obaervitioQa on the vascular devd opiD ent in the 
tails of acardiac tadpdea, and fooiid that the blood veasela bea-e formed 
an irregulu’ and indifferent netwodi with no tendency to the diff e r e ntiation 
of arteries and reina — in marked contraat to normal tadooles. It appeara, 
indeed, that the differentiatiaa of an indifferent capiliaiy network into 
de^te artenea and vema dependa very largely on the trariamiaaion of the 
arcnltting blood m certain partknlar dlrectiona. We are thoa able to 
recognise m the ontoge n y cf the vascular ayatem the three stages which 
were postulated many yetra ago by Roux.* lurat there is the ata« in which 
the fonnation of tomcIs denoads entuelr on genetic fact on, then followa 
a transitional stage in which heredhaty f orma dop k nadntify aii|mlantcd 
by adaptational octora, and m the fitMl stage the differentiation or vessela 
is controlled by the haemodynanne factors of the circulation. 

Ti« dotmmnce of marpbogeiiettc factors in deterrmning the develop* 
meet of vascnlar p* tti»rrM is wn p ha s iie d by the sppearance in the eanf 
embryo of a primhiTe anangement of arteml and venous charmeit which 
is characteristic of the idultToim m lower vertebrates. The andent syatem 
of aortic arcbca, cardinal Tcm*. and other cfobryonlc vesscU requirrs to 
be completely remodelled dnnng TmiTtan derdopment in order to 
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hare had a ftronger influence thin adiptxtiooal reqiurimenti in A*ti*rm^n 
me the definitive viacnlir pattern. 

In the lower extremity the main vewel of tupply or rrii utcry* h 
pnmhiTcly denved from the aottic a r te r y which emergci from the pelru 
m the gluteal region (Fig 69 ) This amingeinent is foraid In rcptflea and 
also m the early itigca of human derdopmenL The ana irterr runs down 
the back of the thf^ paaaea deep to the pophteus muscle behind the knee 
jmnt, and contmuea down the back of the 1 ^ to reach the sole of the foot 
In the later stages of human derekipiDent (aa In adnlt mammaU generally), 
the artery u replaced above by the fcmoial arte ry in fr o n t of the thigh, and 
below by the anterior and postenor dbial irtenes.* It a also replaced 
partly by a vcmcI whkh paaaea auperfiaal of deep to the popUteua 

muscle. Aa with the forearm, this change-over is perhaps corr e la ted with 
a change m the arcuiatoiy condltiooa m the limb Here again, however 
developmental arrest tdmj occur with the persistence of tn emhiyooic 
vascnlarchanneL Aa an ahnotmalityafthiakmd, for example, the popliteal 
artery may be found pasnng deep to the pophteoa mnicle — a positinn which 
appears to be most disadvantageous frnm the mechaniol p o int of view 

Tbe inherent potentially of blood vessels as morpholomctl entitip for 
growing and prolifcratiiig independently of surrounding tissuca snd with- 
out regard to functional requLrements is flluftrated, on the pathological 
aide, by the occasiocial formatKm of tumonrs composed abnfwt entirely of a 
taa^^ skein of vessels. Such a tumour which is termed a Aamav**^ana, 
ts probably always congeal taL It it not the ronh of the dUstilloc of pre- 
fonned capUlarles, but of a definite proli fe r sti v e differ ent utioo of ibnonnal 
veateU. 

The merhsniral factors whicfa dctennino the later diff er ent ia tion of 
artenes or v ein s now require to be considered. Some forty ye ar s ago they 
were discussed in detail by Tboma who ts a result of ha study of the 
develo^Kiitsl mechsnics of the vtscolsr system, fonnolated three postu 
Istes. ubese are (i) that the increase In of the lumen of a blood vessel 

is directly related to the rate of blood flow (a) th«t g r owth In tfaicknfsi of 
a v es s e l wall is directly dependent on the to which xt is subjected, 

this in turn bemg related to the deamet er of the vessel and to the pressure 
of blood withm it, and ( 3 ) tfft the increase of blood pressure above a 
t -rf U m Imut provides a dir^ ttmmlas for the formatian of new cipinsnts. 

It has already been pointed out that the earliest stages in the develop- 
ment of blood vessda occur mdependentiy of an tcmil drcolstion, and 
h u therefore, tbmt T bnma • postulates caimot be applied here. In 
later stages, h ow ev er they are certamly applicable, at least in part. 

The rekdan of the H k rngrw of a blood vessel to the rate of blood flow 
has atndied m some detail by Hngbes m the area vaacnlosa of tbe 
chick embrya* He found that nefa a correktioD does in fact exiit, though 
H. D Senior *Tb* eWral D tuattt oi tfa* utnica et tbe faunan loww tamatj’ 
Umt t t Atr Ehtartmm t md Bhtmmdmdk dm OtfdajTt^U 
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CUrk and Clark have demonitnted that, m the ribbif a ear the vascular 
pattern iboTn a renmkable labili^ new capflknea apnratina out and old 
cafttUanes undergome retraction ai the result of cv^ tli^t chanw m 
their environment* In this way the capillary pattern may be completely 
remodelled in a relatively short apace of tim^ Capillanei may be trans- 
formed temporarily mto artcriolea or venulca m reaponac to aome local 
demand, only to revert to capiUarie* again when the demand no longer 
one mtcreatmgacnesofobacrvatlona a venule was seen to become 
tranafoimed within two months into a leaih of capillary veaaela, foIlcrmTig 
a dmunuUDn m the locti arculatioa one month later as the reauh of an 
mcreaae in blood flow the capillary plexus became traniformed mto an 
arterwle.* Apart from, the aixe of a veoel and the thickness of rta wall, there 
» aorae evictee that ita structure may also depend on haemodynamic 
factor!. In this connexion reference may be made to a re p ort on the 
anatomy of an acardiac foetus attached to a normal twm, the heart of the 
latter being re^xmalble for the circulation m both. In this tnomalcras 
specimen, sll the artene* of the acardiac twm were physiologicallv the 
pcnpberal arteries of the normal twin, and it was found tl^ the aorta and 
other large arteries (whose waHa are oonnally composed mamly of clastic 
tissue) hid the tnuscular walls charactemne of pcnpheralartcnct.* Hughes 
has p^ted out, however that a mechanical explanation u not al^^ 
applicable to vascular structure tmee m some veWls sbrupt changes In 
structure may occur along thar course.^ It has already bea mentioned 
that the ductus arteriosus has muscular walls, m sharp contrast to the 
elastic walls of the neighbouring Urge vessels this u eviaently a structural 
tdaptauoQ whidi anuapttes ^ functioml demand for tlu imtnediate 
dosore of the ductus artenotus at birth. 

As regards the formation of new capillanes m the adult, there la httle 
expenmentsi evidence that this is related specifically to blood p r e ssu re. 
On the other hand, it has been suggested that it may b« relat^ to the 
amount of material which passes through the endothelial wall of the parent 
vessels, or m other words, to the metabolic actmty of the endotheluu rt-iu 
1110 vascular response shown to tn Inflammstory focus by the sprouting 
of new capillary vesseb in the immediate neighbourhood suggests that thu 
proliferation ts in fiset dependent on the merwsed metabolic activity of the 
tissues involved, whidh must also mvolvc an increased metabolic actrrity 
of the cndothchil cells of the cipilliiy vessels slretc^ m Such a 

vascular response is somewhat dramatically shown m the transpareit and 
normally avascular cornea of the eye when it re cei Te s a alight mj^ Very 
rapidly s leash of new capDIanea grows In from the margin of the cornea 
tothcsiteofthemjury When the latter u completely healed andthetusue 
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It u not ■ tampb mxthemxticil rektionihip His obsemtions cm the 
lOitOAis of endothelul cells in ft growing yessel hire suggested bow t 
vessel nny increase its diameter as a response to an increased flow of blood 
through it. He conclnded that at those pouxts along the artcrr where the 
fluid rnction generated by the cmailatlon was gr ea tes t, feninm 

would be set up withm the wall, which wocldbe manifested by nodear 
elongation within the mdnthglhrm. w bm r»ll division took plsce, the 
directional increase m area of the endothelium under 
on the orientation of the mitotic stdndles would tend to relieve these 
tensions. Computations rrude by Woollard and Haipman' hare further 
aherwn that m pig embi^oft there ts a direct relation b e tw e en the area of the 
capillary bed and the sire of the main artery of supply They conclude, 
therefore, that the size of the artery depends on w amount of blood 
pattTog a unit cross>secbonal area in unit ttme 

The increase m the dlsmeter of a vessel snd m the thickness of hs wihs, 
in relatiaa to increased blood pressur e and rate of blood flow Is adequately 
dejDO OS trate d by the changes which occur in the estabhsbment of a colla- 
teral drailarirm. If a rnun vessel ts Ifgatorcd, the incressed flow of blood 
whidi is deflected through coHatcril anastomotic cfatnneli leads to theu 
rapid dHatatKiti, and that proce ed s until they are capable of tr an s mltti D g 
the normal volume of blood to the part coDoemed. At the nme time, d>e 
walb of the colkteril vessels mcreftse m thlfVrwM. The details of this 
proesM have been studied expenmentally by Weyranch and de Gans m 
the mesecttnc vessels of the rtL* Intemipdon of cme of these vessels Is 
immediate followed by an mcreased blood vohime in adjacent capHlaiT 
Vessels. One result of this Is an eanberant growth of new capillanes wfakn 
form a collateral network alongside the cwliterated channel. Masde or 
connectiTe tmue Is added to the walls of capillaries which are now called 
upon to tr ansmit an additional Tohnne of blood, so that they becocne 
converted into arterioles or venules. The wall* of artenes involved m the 
establishment of a collateral orcolation not only bcccme thicker but, since 
the proliferation of nrasde tbsue occurs m more th«o otie plane, they also 
g r ow in length and become tortuous. 

The mcreued thidmess in the walls of arteries which occurs in senibty 
is probably in part s direct reactiao to raised blood pressure, thou^ there 
u evidence that it is also partly s degenoatiTe change related to oefert fre 
nutntkci of the turdca Tn^^a. U has further been observed that the walls 
of vans became thickened in cases of raised pr essure duo to dnonlc 
obstruction of the venous circulatioti. 'Ihe response of a v es s el wall to 
increased pressure has iho been demooatrated expenmentally by trsss- 
pimtmg a length of vein mto the path of an artery this being followed by a 
gr^«t inrTMf. in the tM^Vrw— nf thxHinlf TTH-rtia nf ttw tT>n«p]«nt)^d VgsaeLJ 

H. H. Wodkrd nl J A. Harpoco. "Tba nisUae l a i a tcu tba dn oi tb« arterr od 

grptnafT had tp tb* etnliro Jmm. AmM, 72 OW-ft. 
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and they arc, at least predomioaiitfy vaaoconatnetor m fimctioii- The 
preacDce generally of specific vasodilfltor fibres to the arterial system has 
also been aospected, bat there la aa yet no certain evidence for this. They 
certainly exist in individual nerves of a parasympathetic nature, such as 
the chorda tymp>ani branch of the seventh cranial nerve, and there is 
indirect evidence for the of aympatbctic vasodilatora m the Itmh 

vessels of man.* In a general review of the subject. Bum baa called atten 
am) to an intercatine apcciea difference in regard to dilator tnecha ni ama 
m mammahan musae. In the muscle of the dog and hare, which are 
capiable of sostamed muacolar exertion there is an abundant sympathetic 
vaaodiktor supply but in the monkey and rabbit, which beccano rapidly 
kngued. It apjpcara to be absent.* 

From the practical piomt of view the vasoconatnetor fibres of the picn 
vascular plciua are frf considerable importance since they provide the 
nervous pathway through which the lo^ oroulstion to different tissues 
may be regulated. The route followed by vasoconstrictor impulses to reach 
the vessels whidb they control howe v er been a matter of controversy 
in the past, though it was known that they leave the spinal cord by the 
antenor roots of the spinal nerves, and that they have their cell station in 
ganglia of the sympathetic cham. 

It can be derrwnatrated readily enough by ordinary methods of dissection 
that there are two main sources of vascular innervation for the arteries of 
the lmbs->^roxuQslly the mam tr unks receive fibres directly from ganglia 
of the sympathetic and distally they and their branches receive 

farther accessiona from penpheral nerves wbidi he m close topiographical 
relation to thwo. AQ th^ branches spp’ear to contribute to the formation 
of the pienvaicular plexus m the tunica adventitia. The mam pomt at issue 
has concemed the question whether the vssoconstnetor fibres resth the 
vessel prrQxnnally and are thence carried down as a continuous network 
m the tunica adventitia to the terminal branrhes, or whether they ran m 
the viscukr branches which are suppbed tl mtervals by the penpheral 
ticrvts. The former arrangement was once held to be the case and, on the 
bans of this conception, the opierttion of picnartenal sympathectomy’ was 
devised for the tres tm ent of certain pwuhological conditions sssocated with 
*pa*m of the penpheral vessels. T^ opieration mvolvcs stripping off t^ 
tunica adventitia with its contained plexus from a short section of the 
main artery with the object of producing pienphcrtl vssodilatation. Eipen 
mental stimulation of the pjenraecalsr nerve plexus proxunilly was also 
to produce conitnction of the terminal artendcs m the area supplied 
by the main vessel of a lnnb but the obvious mfcrence from this observs 
was not upbdd by many other investigators. 

brought forward crpcnrr»cntsl evidence m favour of the view 
that the vtaoconatnetor fibres probably readi the vessels which they supply 

ttd O W Pkttrinf, ^MorfUtUno in th* I hn bs, with crWenc* for ijidm 
T 3 P«thCTte ind E, V AI>n.^9jS 
^ uppf •od iomr cT t r t m idw Arth, Int Mtd. tt2 loig 
I 5 * Oinimiheao TwodititeTU PhyiteL R*v 18 1938. 
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BLOOD VESSELS 
metiboliim of the cornea k reduced to its Donntl level, the newly farmed 
TCMcls undergo retraction and abeorption, and finally may duDqjpear alttK 
getber It aeeim dear that the oblmxption of the vetaela mn» t alto be 
related to metabolic rather than to haanodynamic factora, rirwi h k not 
preceded by an i nt e rrup tion of the blood flow from the vewda at the 
tnaigm of the cornea. 

relation of Increuo In capflkrT density to tiwoe activity is partH 
cnlarly well iHustrated m the brain. It has been shown by Craigic' 
m the new-bom rat the vascnlanty of the grey matter is re lati vely poorly 
derdoped, and In many cacea is no richer thu that of the white matter 
Whhm a few days of birth, however the capilkry density m the cortex 
and m the centres of the bram stem mcreases rapidly, m dote relation to 
the derelopment of neortl activity In these regions. Cmgie concludes 
from ha obscrvatioia that fonctiotal «:tivTry r eq ni res a much greater 
vascular richness than does metabolic activity associated with growth 
procesMs. 

Rntla mlrabUla It sometimes happens that an aitenal stem quite 
ab ruptl y breaki up into a whole senes of minute vessda. Such a foimrtioii 
ta terairf a rtU aardaU^ In the so-called 'bipolar’ type, the branches 
rqom to form single stems again- Examples of this are seen m the glooie- 
nikr vessds in the kidney also in the artencs at the base of the bram 
m man^ ungulates. In the former case, the arrangement prondes a 
mechamtm wher eb y the rate of flow and the pressure in the glomerular 
yessek can be controlled by vtsoconstnetion w ether the rasa aflerentia 
or the vast eff eientia , or of both aunultaneoosly 

In the unipolar’ type of rete nuribOe, the leash of small branches con 
tirmei directlv into ^ ordmary capillary b^ A vascular pattexn of th is 
kmd is founa in the Ihnh arteries of rw t n iTi mammals, o.g monotremes 
and lemura, but it k difficult to laaign any particular functional sign! 

to such cases. It u ako developed to an exaggerated degree m the 
in te rcoat a l vessek of some aquatic mammals such as whales and por 
poses. Here it has been suggested that the replacement of ttngie main 
stems fay multiple small artencs allows for the accommodation of a greater 
volume of blood * and prorides particalaily for the temporary storage of 
oxygenated blood which can bo drawn upon danng proJonged submeraioo 
mthe water 


9 THE INNERVA’nON OF BLOOD VESSELS 
Blood k are almost ererywhere tccompaiocd by a delkate plexus 
of fine nerve fibres, meduHated and non-medullated, i^ch ramify m die 
tunica advenoos (Fig 70)- Thu plexus coctams nsamotor md ako 
afferent or sensory fibres, TTie vasomotor fibres are of sympathetic origin, 
E.H.Cn%k 
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constnctor impal*et. It was concluded from thc*c experiment* thit the 
lympithetic fibre* in the lunb* follow sensory and motor nerve* to the 
pcnphcty branching f rom them in the nnmedutc vicinity of the tmall 
olood vc*sel* which they innervate. On the other hand, no evidence wa* 
found that the penartcnil nerve plexus conducts impuUc* to the periphery 
It ihould be noted that m splanchnic arteries, which supply visccrtl 
itmcture* the vascular innervation u certainly effected by perivascular 
nerve plexuses winch extend aloo^ them. Herein splanchnic arteries con 
tmt with somatic artencs supplying the body wall and the hmb* 

The precise anatomy of vascular nerve* has been described m some 
detiil by Woollard.* In his study of the vessel* of the hind hmb m expeti 
mentsl animals, be found that the perivascular plexus derived directly trom 
lumbar sympsthetic gan glia extends down only as far as the upper part of 
the thigh. It* exact extent varying in different species. Farther diitally it la 
formed, by branches from penphersl nerves- In regard to the mtnnaic 
detail* of the plexus, WoolUrd showed that this 1* composed mainly of 
non meduHated fibres in the proximal part of the main artenea, but that 
m the distal part there is an Increasing predominance of fine meduUated 
fibres. Finally m the terminal artenola non meduUated fibres arc agam 
m the majority From the plexus of non-roeduHated fibres m the tun i ca 
advcntitu, a secondarv plexus m the muscular tissue of the tunica media 
11 formed. Here, motor termmaU arc given off which end in pencePular 
nets round the individual muscle fibres. 

The meduUxted fibres appear to be largely sensorv in function, tennmat 
ing b varicose and thichened endings m the tunica adventiua, or some times 
in ruinian corpusclea. From these sensory fibres, collaterals msy be given 
off to end m the adjacent tissuea, providing an inatomica] basu for the 
axon reflexes which arc believed to be responsible for the local visodilata 
tion which IS produced by a local stimulus. This reaction u the result of 
antidromic impulse* earned by sensory nerve* (sec p 330) 

WooUard found no evidence of penpbcral ganglion cells m relation to 
blood vessels, snd it is generally agr^ that ih^ are entirely absent* 
He abo aherwed that the etpihary bed is jiervaded with fine sympathetic 
fibres, but thst none of tb^ terminate txtoally on the endothehal wall 
of the capiUary vessels. It may be mentioned that some anatomrita have 
described m detail s nch and intncste terminal reticulum of ncurofibriUac 
m the wan* of blood vessel* having the most mtunatc relation to mnsde 
fibres and endothehal cells, and even bemg m cytoplasmic continuity with 
them. According to some anatomists, mdeed this terminal retieulum 
bring* every single cell m the vessel will into direct rdanon the 
sjrmpithctic nervous system. However a critical analysis of such observa 
tKma by Nonidex* hu shown that they have been made on the bans of a 


H^l.Wooll*rd *rb« lootmtion of blood Haorf 13 19*6 
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bj way of the penphcral nerves, Trotter and Davies’ had previoualy noted 
that, m perrohaal nerve injuries m tnan, the anaesthetic areas of to iHn 
were flushed and hotter than Dormal areas they conclnded, thcrefbie, that 
vasoconstrictor fibres had been severed In thi correa p onding cotmeoia 
nerves. These observmtjoni were confirmed by WooUard and Phillips,* 
wbo mapped out cutaneoui areas of flushing ancl, with the aid of s thermo- 
pile, areas of raised temperature, after blocking pcripbeial nerves by the 
local injection of novocame. Thta techniqne "wi indicated the th*t 
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vasoconstrictor fibres run in the trunks of peripheral n er ves, snd afforded 
no evidence that they follow the mafn stems of artenea. 

These results hare been finsHv «-«t*hlT*>>#^ by Gilding* 

who studied the snstomical distributioQ of vasoconstrictor fibres in cats by 
noting the coloratian of the *lnn when a diffusible dye ftiromo-phaiol bhie) 
bad been inje ct e d into the blood stream. On sthnolstion oi the st e Ds te 
gangUon the resulting vssoconstiiction In the fore-limb was ahorm by the 
fiict that the tissues remained relatively unstained. When a pcripneral 
nerve was cut, the cutaneous area or muscular dssne which it supplied 
Kisnmii cokra^ as the result, evidently of the interruption of vaso- 
W Trottar and H. M. Dcrte*. 'Bipcrfamd Modk* Sa tb* hifwr r tti oo of tb* ikln 
UT /w.TT^ ?' miH R, FUnfp*, 'lit* diatribatloo of tynpedMdo fibn* in tb* 
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innervation of blood vessels aos 

van (e.g m the tratmcnt of vtncow vans) may cause momentary pam 
but ^ kttcT la felt only after a delay of about 30 aeconda donng which 
the fluid has prwumabty diffused through the endothelium to reach the 
pflin nerve fibrea in the outer coats of the vessel walL' 

Artenea supplying different hnds of tissue are not all controlled to the 
same degree by the sympathetic nervous ayatcm. Those that are distributed 
to musdes, for example, have a much poorer innervaaon than cutaneous 
vessels. That the former are ccrtai^ influenced by vasoconstnetor 
impulses, however ts shown by Gdding s experiments which have already 
bem referred to {vide sv^a, p aoa) for It was foimd that, m the case of a 
muscle receiving a double nerve supply the section of one of these nerves 
was followed by a sharply defined staming of one-half of the muscle. 

There has been some lack of agreement regardmg the extent of vaso- 
motorcontrol of arteries in the central dcttous system. Much of the earlier 
experimental work on this problem had led to negative results. One of the 
dimculties m the inrestigatioa of the reactions of the cerebral artenes is 
the fact that they are venr readily influerwed passively by changes of blood 
pressora m other parts of the body so that ft is not easy to isolate the direct 
effects of lympatnetic scunulsaon on tbor calibre. Prom the anatomical 
point of wew it is difficult to tccept the conchisioD that thcr are not con 
trolled m any way by vasomotor impulses, since it haa been demcdostrated 
by many competat anstomists that they are certainly innervated by motor 
sympathetic fibrea, though the latter are kas numerous than m the case of 
most artenes elsewhere m the body 

Nerve fibrea run m the tunica adventitia of the mam vessels on the 
iur&cc of the brain, and though they hare been actually followed along 
the smaller branches into the substance of the brain and spmsl cord, they 
probably do not extend very far along these.* Pine meduHated fibres from 
the sdventmsl plexus have been found to terminate m relation to muscle 
fibres, and coarser fibres— sometimes medullsted — end m the tunica adren 
tma. In correktion with this anatomical mw-Jrmym^ evidence has accu 
mois te d from more recent cxpcnmcntil work which mdicatea thst cerebral 
vessels are, m fact, under con tr ol of the sympathetic nervous system, 
thouA to a much slighter degree ffian cutaneous vessels, Forbts and 
Woiff* studied the pr^lem by mabng a trephine hole m the skulls of 
experimental annuals and fittmg in a gfass wmdow The blood vessels on 
the surface of the brain could thus be observed directly with a microscope, 
while still prescTTing the normal condiOons under wtuci the intracranial 
circulation takes plat* m s dosed chamber By means of photographic 
records, they demonstrated a sli^ constnction of the pal artenes on 
stimulation of the cervical sympathetic, and also on the direct application 
of eplncphnnc, whfle vasodiUtation ocoured on sthnulsoon of the vagus. 
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embryologic*! origin of the ctrodd body from tiie mesoderm of the third 
phuyogcil arcL^ 

The carodd imut and cirodd body are both nchly innervated from the 
dotflopharyngcal nerve (1^ the nerve of the third branchial arch) by a 
branch called the cavUd nmx * and both have been ahmvn experimentally 



^t Rramtnictaxt of the br ncfak l veb aitcHca in ■ mm- faumcn to 
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to play an rmportant part m carotid ainua reflexet. In the carodd amtu 
itaclf there u a nci plevua of aeaaory nerve cndmgi m the tunica adrendda, 
irhlch ta here rcUd^y thick. The tunica media of the carodd tinua, on 
the other hand, u thinned out, and thi 5 penmU the advendnal receptor 
mechanlam to reapond more readily to alight changea of blood preasure, 
Prerfem wjib h»d iogg we d that tb* ottotjd body U d«ired enibTTolo«fc»l}T from 
( ) lb* yt^albetlo rpt«iu or (k) tbe pbaryosnU entodiiTn, ^ 
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They foand, abo that yisoconitncdoii of pul Toaek, nnHt-n tW-* of 
the ikin, u readily orcrcome by a general riae m ayatcmic blood pr ea auf p. 
Similar reaulta have been obtamed with the choroid arterwa m the ven 
triclea of the branu* 

Finally it haa been observed that stimulation of the a y mp at hetic in a 
completely Isolated bead, which la peifuaed with blood fr orn m mtact 
animal, la followed by a conatnedon of the veaaela on the anefime of the 
brim.* Thu aroenment ehmmatea the ejects on the cerebral arcnlition 
of changea m the general ayitenuc ormlgtion, and for thia rcaaon la of 
aomewl^ crucial importance. 

In a general review of the problem of vaaomotor control of cerebral 
Teaaela, Forbea and Cobb> condode that, while vaioconatnctor nervea are 
certainly present, they are distributed unequally and they are only about 
ono-tentfa as efTective as the vnoconatnetor nerrta In the ■kin. 

Special aensory mechanUms of blood vcMels Although it a 
probable that all artenea and vema are supplied with tffereot nerves 
throtigh ariuch the orcuktory syatem as a wh<^ can be fafluenced to some 
degree by re&ex responses to local vaacular stumih, in certam Teasels the 
seosoiy nerve endings are diborated to f o rm apeaahsed r ece p to r s of con- 
ndeiable functional importance. It has been shown that, in lower verte 
bra tea, such a nervoas apparatus a present m each of das bnmchal arch 
artenea. These prator rtt*ptor rruThaniana respond to an iocreaae in the 
blood preasure, and pronde for ca adjiatment of the cucnlsdcm by leadmg 
to an mhibitkin of tne heart s acdon and gmeial vasodilatstKai. In min, 
those artenea which rep resent per a h t eni parts of the aortic arches are also 
provided widi pressor receptor s . TTie latter are found, therefore, at the 
commencement of the mtemal carotid artery (3rd arch) the aorta and right 
subdanan artery f+th arc^ and the pulmonary artery (6th archl (Fig 71). 

We may refer Wefly mat to the pressor receptor mechanum of die 
internal carotid artery At its rrnnmenfmTm t, thu resKl conunonly shows 
a bulbous dnatanon-— the carotid wvo — m immediate reladoa to which is 
a TnaH glandular etructure called the carotid body Tlie latter u a few 
mTntmM ret in diameter and ccniiifi of groups oc pdygoDiI epithelioid 
cells* u er t neated with an abundant plexus of smosoid^ vessels. At one 
rimji the carodd body was believed to be composed of chromaffin dvoe 
similar to that found In the adrenal medulla and in relation to ^mpathetio 
ganglia generally It haa theref ore been frequent^ termed a paimngiion 
More recent histologtcal studies, however hare shown that true cnromiffin 
if present at a^ are few and scattered. Boyd* has demonstrated the 
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BLOOD 


S O ftr » it» »tnictur«l coropowtion b conceniedt blood consistB of » 
flmd pla»mt m whldi ire sutpcnded ctlU or corpuscle# of virwauB types. 
The nstart of ti^cceSU^ be coQsideied briefly \Tith ttference to 

tbar cmbryologictl or^ and tfaetr morpbologiad relation to other type# 
of cells In the ^y These problom hive led to the accumulation of a 
cormdenble bulk of literature— an expremon of the fact that thor solution 
IS a matter of great difficulQr In orgamxcd tusuea the tranntion from one 
type of cdl to another can often be eatabbshed by direct atudy of ordinary 
ataincd seerion* m v?hich the contiguity of mternsediatc foroa b evident. 
Where cellular dementa are vsolat^ and unotgamred, as m blood, their 
morphologicsl relatiooahlpt are Car Icsa easy to determine vnth certainty 


1 BLOOD COBPUBCLES 


There are two main types of blood corpuscle, red and wiatt Tbefonner 
—which are b the great majority — are concerned with the transport of 
atygen from the Ui^ to all pim of the body The latter are broadly 
concerned vnth praieictlve fttnetiona. 

blood corpusdes or ©rvthrocytca (Fig 7a a, In the 
circuUting blood of adult tnammah, the cells MTe lost theiT micleu 
They hart the amiple form of flattened bi-enneave discs , and m atructure 
they aeem to consist of bule more than a protoplastmc envelope ctmtaimng 
a solution of haemodobm mixed with a structureless coUindal matruu 
The envelope is highly eUstic and forma a send permeable membrane. 
Ita exmence can to inferred from the chanm m shape which a red 
corpuscle shows when the osmotic pressure of the surrounding TTwt> im> 
u changed Each corpuscle m man la on the average 7-8 p. in diameter 
(as mcwired m ordmsry film preparationa) Their sue sherwa a certain 
de g re e of vanatiaa la drfiaent mammala, but thia is not necestarDy cor 
related with faody»sitc.‘ In addition to their non-nucleated the 

red corpuscle* of mammals, in companaotj with those of lower vertebrates 
arc round instead of oviL A cunous exception to tha gcncraliEation U 
found m the fcnfly Cwruhdiu In which the cells are oval in form. In 
human blood the ttumber of erythrocytea m one cubic mfllmietr® is 
normally about 5,000 000 

As r^ards their tmmcd tt t e ongin, red corpasdet are denved from a 
rcaind nucleated cell fnonnoWurt) which contams baemoglobm (Fig 73 a) 
This arises bv imtosU from a more pnmitive type of cell In which the 
nucleus ts Urger and the haetnoglobm content much (oytJtrMas^) 
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BLOOD VESSELS 
Bojd* hu pointed out thit the locil iweUmg of the Tnhtnttl carotid irtciy 
u »l*o a fonctioml adaptation to the >JTni» end, for it can be ihown by 
theoretical computation that an In cfeaae In prenore thU cause a g r ptpr 
change m the tension of a Teasel in a segment thsn {q s na r mw i' 

portion — in other words, changes m blood pretrore are amplified at the 
carotid Bmiia.Wh3e the carotid tiniisitsclfisapreasor receptor mechanism, 
responding to changes in the prttauie of the blood, the carotid body akrag- 
tide It IS a chemo-nceptor responding to changes in the chffntf 1 constitu 
tion of the blood- In relation to th^ the carotid body a nchly supphed 
with anrosoidal blood vends, and nerve fibres can ^ de moastraled to 
terminate m their walls ai well as tmon^ the epithelioid cells. Thii disao- 
aahon of mechanical and chemical se psitt v lly has been determined expen 
mentally by interrupting the nerve supply of the darotid tmus and the 
carotid botly mdependentiy of each other 
Taraganglia quite >hniUr to the carotid body'lme been found m 
relation to pressor receptor m the arch of the aorta, the 

pulmonary artery and the ongm of the nght mbekvian artery * They are 
mnervated by branches of the vagus nerve (which also temtinate m pressor 
recep tor endings In the walls of the main vessels) and usually lecare them 
blood sopply directly from the artenes with yvhkh they are a tsoersteri . 
The parsganglioo related to the pulmonary artery therefore, u supplied 
with ‘vcnc^ blood. By analogy with the carotid body it k to be presumed 
tint these psncgsn^ are tho chemo>receptois. 

Receptor medbsmams hare also been described by Nomdo* m the walk 
of the large to their entry into the heart — that is to say in the 

mtrapencxrdlal pertioos of the ve na e cavae and pahnanary veins. Here, 
m contrast to the adventitial pontion of artenal pressor receptors, the 
se ns or y nerve s i^r nimotf in sub-endothehal endings and in penmuscuhr 
arhonzatioiia. This renders them parncnlaiiy scualUte to angfat changes 
in the venous blood pressore. venous r eceptors provide tbe tna- 

tomlcsl bsik for Bainbridge a refig, as the result of which a rise m tbe 
yeooos pressure leads to ctfdkc acceleration — a response which has been 
shown Tty to bo abolished by section of tbe vagus nerves. 

J D Boxd, Obaerratipas on tba oerr* vafifilr tod aailniiy of tlia ht i rrun oarodd 
•fan Amgt. Ajm, 84 937 .... 
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BLOOD CORPUSCLES 
tmmst bictcnal infection and tone tbwrpuon. In certain pathological 
Snditioi»> the relative proportion of \riute corpmdes m the blo<^ may 
fhovr cottaiderable vanitioD, hence an eatunation of their numben is 
often of contiderabfc aid m dmical diagnosi*. Normally there ore about 
7 ooo vrtrte corpuadei m one cubic mi U tm etre of blood- « j j j 
For deacnptive convenience, white corpmclca cm be broadly divided 
Into granular and agranular types, though aome anatomisti would not be 
prepared to recDgniietheae a* natural groupi. The former comnrtsea those 
cclh (gnmulocytea) m which the cytoplaam conitmtly contains obviotia 
gr»niil% which can be aclectivciv stained with aad or basic dyea. It 



includes polymorphonudear or nentrophil leucoa?tes, coamophil leuco- 
cytes and btiophn leucocytes- Thecytoplasmoftgnmuiarwhitecorpusclea 
stains evenly irith base dyes, though even here a granular appearance can 
tometunes be demonstrate with spcdal staining methods. Agranulocytes 
indude lymphocytes and large monocytes. 

Polymotphonuclear leucocytes (Fig 'p.d^ These cdb-^which 
mate up appronmilcIyTO per cent, of the total white corpuscles— are about 
lo-ra m dia met er They are chaiactemed by their Lobulated nucleus, 
which is often divided Into three or more parts interconnected by fine 
threads of chromatin, tnd by cootaming in their qrtoplasm a spnnklmg 
of very fine granules- The latter stain a nondescript colour with 
cotin-metbylmc blue mixture, tnd rt is for this reason that these kucocjtes 
are also termed ntutropiah Polymorphs are highly amoeboid and phago- 
cync^and they have a roaiied capacity for mgeiting and desti^mg 
bscteru- They respond particularly to mfectioos^ pyogenic organiams, 

* Tb» t tl hd n a rwoiou <rf tb« fat OnlrmflrrJwmA*.- U. ..I . .. ^ 
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and tbe Utter tgtm, is derived from a ttill Urger ceD ^ pny-^rytkro- 
hJast (or sometimes a baxfpktl trytkrobhat^ because of the ■*»inntg 
of the cytopUsm) The disappearance of the nucleus in the formation of 
an erythrocyte li probably the result of its eitrualoo u a whole, though 
some observers have described its dialntegiatloa Tid dispersal withm the 
cytopUam of the celL In da early emhr^ all red corpuscles sre nucleated, 
and even at birth there may be an occasions 1 normoblast in the circulating 
blood. In tbe normal adul^ howev er nucleated red corpuscles sre only to 
be found m blood forming or haemopoietic tissues their 
abnonnalty m the blood stresm U aseoctated with pathological couditiocs 
mvolvmg excessive blood destmctloo or ex ce s siv e blood f ni ^ tif^i. 



Frtk 7s. Blood cQcpuades. s. Red blood carpisde mcd b vimr isd s' la profile. 

S flrrMn iyiv n j .v Ty m c, AluoocTtit. d. Pof?iPor iWj i .iir > J(Mr hncocytm. <.£odiiopbi}biico- 
orte. Mefn lfi eitlaP XX400 ipprox. 

Immature red c or pus cles whkb bsve recently been formed from normo- 
blasts show a ledcokr structure which can be demonstrated by baaic dyes, 
and are hfmem termed rtUatheyUs They become quite numerous m the 
blood str g r n foUawu^ haemorrhage or blood destTuenan. A redcnlo- 
cyte count, indeed, prondei an inda of the sctzrity of blood forming or 
haemopoietic tjssnm. 

It hu been found that mesencfaymsl tissue with haemop ol etK potentUU 
ties win form blood corpuscles when cultivated m airo This has been 
shown by Munsy* in cnltures of the blastodenn of the duck embryo, in 
which Mge numbers of i La ^ m fig lnhin- rfint a mh ig erythrobltsts are pro* 
doced. Yascolar endothdmm alM b e co m es diSerenttatcd, and the ceperi 
ments support the cooceptum rht the endothelial cells are formed from 
indifferent nacmanglobls^ cdls whose fate a determined bv tbe super£cad 
position m which mey find themselves in the blood iilands (see p. 18S). 

White blood corpuscles Screral ty^ of white corpuscle are 
Donnally present in the drcnlatiog blood. They are all midated cells, 
they all possess amoeboid p r opert i es to a greater or les s er degree, and they 
tie probably all concenKa to some extent whh the protection of the body 
PDF Blnmy 'Tbi dardbpocBt fit v£bs of tba blood of tbo carlr «Dbr 7 o 
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trc^mide up of Urge Imophfl *™ulocytei, 10-12 p. or *oroctmia more in 

diimctcr m which the nndcuiii oval or reniformtndeccenmcally-placei 

Thc*e are the monocytes (alio called mononodear ccUa and solenocyta) 
and from thar appcaraoco m ordmary stained preparaotma they a re not 
always etfv to diatmgmah from the larger lymph^es. Much contrormy 
ha beesi devoted to the relation of monocyte* to other types of corpuscle, 
and to thnr ongm and ftmctioDal significance Their general aimilanty to 
large lymphocyte* auggetti that they have a lymplKK^tic derivation, and 
the occasional occurrence of trarmdonal ctUi luggati a relation with 
granulocytea. By tome anatomlat* they arc regarded as circulating elements 
of the macrophage system (aee p 4 S) for th^ thcFW the same rcactwn to 
vital dyes which are mtroduad into the blood stream. They have th eref o re 
been termed Tjlood histiocytes On the other hand, the reaction u not 
shown by all the lir« mononuclear cells in the arculatioa, and the question 
antes whether thuts relited to defferent frinctionaJ phases m the same cell 
type or whether rt betokens real morphogenetic diffcrcncea. 

The former conception 11 held by Maximow who maintains that typical 
monocytes are derived from lympbocytea and can become converted into 
active macrophige*.* He believe*, indeed, that in any inflammatory procea* 
both lymphocyte* and monocyte* leave the blood stream m the tiaauc* 
they are transformed Into large amoeboid phagocytic element* which he 
terms pofyhlartx and these m tarn become typical tissue histiocyte*. On 
this view histioc yt e* fai connective tttsue may be derrved from two source* 
— from primitive mesenchymal cells which beconte differentiated vt sstv 
and from monocytes whicn have emlmted from blood veasda. 

The ocher pout of view mamttm* that the large moaotmdear elementi 
in blood must be abarply separated into two group*, monexytes and macro- 
ph*M (or histiocyte*). Theae are said to be diatmgujahable by tbor 
cytolo^ical characters, with particalar reference to thar mrtoebondna and 
to their reaction* to supravital stainiM * 'While they may have a kinship 
in SO far a* they are ultimately both derived from eiti a vai ci i lar rehcolar 
ceU* (pamculariy in the spleen) dw are regarded as the end products of 
diverging hnc* of di ffe r e n ta bon. Thia conccpbcm U consonant with the 
pencral opinion of many hacmatologists that cell* which are once set free 
in the arculating blood do not, as a rule, undergo any further significant 
transfonnabon. 

Whatever may be the solution of these di ver g en t opinions, it is at least 
generally recogmicd that true macrophage* or h«bocyte* arc nonn*% 
present in the circulating blood m iman number*. 'Tbcr are probably 
derived largely from endothelial cells lining the sinusoidal vessels m the 
spleen and Ever for it has been observed that they are usually more 
numerous in the blood of the splemc and hepatic veins i-^^n elsewhere. 
TJere is cpdence, also that th^ «m*e in the amusoid* of bone marrow 
Thar production m large numbers, leading to a m*crophagocyto«* 
occur* in certain types of acute infection and there is evicfencc to-sbow 
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tnd tmder »uch cooditkau they appear ix> Urge rmmbcn m the arcuUtmg 
blood, gimg n*e to ft chtmcterUtic Uticoeytom la local infection*, aho, 
th^ enugrfttfi freely firom the blood reasel* into frifljfrTii»d r tT P H** 
bcoanc actively engaged m de»troytng the infcchTe »gmL 

Eosinophil leacocytea (Kg ya *) Thcftc corptacie* arc aomewhat 
at m tU r to the poIyiDorph in their sue and nuclear confonoatiaQ. Tbesr 
cytopUsm » Hied with cocne, highly refract granule* which titm 
briillftntfy with aad dye*, c,g eosbi. NonnaBy they ccsapnae not more 
than 5 per cent- of the total white biood conwacle*. Tbw nranber in 
creaaea m certain pantiidc infeatationa — giving rue Co a conditioii of 
eowtopMhm^ and it ia presumed, therefore, that they are In aome way con- 
cerned with mcteiaiflg the reautance of the body agaimt the effect* of 
Invasion by parasites 

BasopMi leococytea Tbeae ftre >bT>n>r to eoamophil ccrpuacica, 
except that they are somewhat saafler and their epamdea stain selotiT^y 
with bsttic dyes. TTicy are very few m nunibcf forming J-r per cent of 
all white cor]pu*cle*, and thdr function u qmte obscure. 

It u agreed that all the maolocytea are apecUIncd ceQ*, representuig 
end producta of ceUular differentuaon, and sneapahU of bemg trana- 
fortaed into other cell types In tclatloc to this, they never undCTgo ceD 
drvUiofl, Thar immedkte origm 1 * also not di^wtei In blood-focming 
or haemopoietic ttssoes (sg b<^ edvtow) UrgegranoUr ceila of • pricu' 
tive type 4 fe found which are caBed wtytkeytts (tig 73 d, a). They hive 
rdathvly Urge rounded or renifrann ujd they are ai^ dlffe rea t u ted 
into thrw groups tccorthng to the reaction of theur granules'- 

neutrophil, eo^ophU, and baaophiL Cocn^^ete senes of tnoaittonal foniu 
hnVmg up these mye loc y tes with different types of granuioqrte can be 
readily demonstnued. 

Lymphocyte# (Fig ysi Fig 8a) Of the agrtnuUr white corptucies, 
lymphocyte* are by fru the most nurnerou*, fonmog about zo per cent of 
the total white count They are amall rounded ceQs of about the tame aize 
a* ted corpusdea (though Uiiger cdU are also ocopdonafly seen) and thev 
are almost completely oiled with a darkly staming round nucieui whicn 
kftve* only a narrow nm of aurrounding cytophum. From thor morpho- 
logy it vn^d appear very doubtful whSher lymphocyte*, Eke other white 
corpaaclea, am capable of any amoeboid movement or phagocytosis They 
hare been ebaenrd, however toabowa alwht degwof aedve roovement, 
the nucleus beinff chamctenatically pUce<f it the advaaang edge of the 
ctli They can a^ Ingest foreign particle* to * Emlted extent — at least 
extravascuUrly though thU fittKXioQ seem* to be quite aeghgihie in com 
cansoa with the phagocytic power of polymorph* (see p. 14*) A* will 
M teen bter lymphocytes are product In Urge manbeT* in lymphoid 
scattered throughout the body arhuig h^ from Urger and more 
prunltn-c cell* caBed iymphobUsU (Fig 73 h Fig 8a). They respond 
perticuUriy to mfcctwjti* of a chronic tjpe (e.g tuberculosi*} and In 
sudh conmnocs their tocumnUffott ia tM blo^ may give nse to a 
A-sirtifeCTforM. 

Mooocyte*{Fig 7*e) Up to 8 per cent of the white blood corpuscles 
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of the»e difficolt cytolomol problems ^ be aolred- Indeed, them h*» 
slretdy come to h»nd cadence of thuldnd -which tends to confirm titer 
fomc of the etrfier cooceptums regirding the dereioimKaital potenlitlrtiet 
of blood cells. ... 1 

We h*vt noted thtt, in the cidy embryo wnrte and red conwsdes ante 
ta the firtt frtMn ju^rfilisdc cdU -which become differentuted 

frtsn pnmitiTe mesenchyme. In this t en s e , of course, all types of cor 
pusdo no doubt have a common aa ces trv It fci In regard to the on^ 
of corpnaclea during post natal Me, bowem that dtffereaces of opuuon 
become conspicuons. 

It may be said that orthodar teachicg in the past gave three sonrees for 
the denvanon of blood celii Erythroc3nes md granaiocytea were bcUcred 
to otigmate, maiolr m the bone marrow from two different embryonic 
typa of ccH, while lymphocytes art formed m germinal centrea in lymphoid 
ttwne from the active drraicn of lymphobliata. This \a the poirnb^tetbc 
conception of blood cdl development. In direct opposition to this n the 
monophyletlc idea, of winch Maxmmw has been a prominent exponent 
According to this amhotity aB the ccBular elements arise from a pnmitite 
amo^Mid and basophil item cell called a hanrtocytoblast which is identical 
m stmeture with the small hmphocyte, or at tost with its rmmediite 
precursor the lymphoblast. This cdl gbrt* rise scvcnlly to erTduoblasta, 
monocytes, my^ocytes and histiocytes. The hsemocytobisst itself tabes 
origin m the embryo from htxd mescnchymsl ceUa -which on slso give 
nse to cofinectrre tissue ce&i such as Bbrbblasts, osteobl^Oa, 

fat cells, &C., bnt in post natal Me it is believed to anse mainly from the 
dmtton of pre>existmg haemocytobtota 
Undoubtedly the mam, difficulty In the way of acc e pt i ng this accotmt of 
hiemopoietis ts the identification of the pnimtrre and go^calized haemO' 
cyiobUstic cell -With the lyic^hocyte. Unw normal conditions in the adult, 
at least, lymphocytes seem to be fridy stable elements, rad^er sharply 
sgiarated morphokmesUy from most other types of blood corpuide. 
They have commonly beffl regarded as ipeciahzed end producta of cdl 
differentiation, rather than genosfiied and nlsalic cells with wide potencies 
for devdopmeot into dirme forew Furtner lymphoid tissue, which u 
concerned with their production on a large scale, a ctorfy segrej^ted from 
mydoid tissue where red corpuscles and granulocytes are formed, and the 
activity of the one tissue bears no ohruAis relation to fk«t of the other 
Pathological conditions assoented with excesarre destiwction and produc 
non of red coenuseto may rcsolt m hyp^tropto ind other chai^ in 
bone marrow while lymph^ tissue remams unai&cted, over-activay 
of lymphoid tissue with ensumg lymphocytosis tn^ proceed quhe mdepen 
dentlyofduiturhancesofhacmopolebctissues. These observarions suggest, 
in fact, that lymphoid tissue has no relation to the prodaxwo of bLod 
corpuscles other than lymphocytes. On the other tini the fate of the 
large number of lymphocy^ whidi are poured daily mto the circulation 

IS qmto uncertain, and the iwtsibility remains that they art convered 

to bone narrow to undergo further differentiation there. Lymphoertea 
are certainly to be found in red narrow and it is ilao worth noting that 
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that tn tbe*Q condittoni they are poured Into the blood ttream b a 
of ‘thowcn which rapidly become filtered off mto the tiaane* again,* 

Blood platelet! BcMdea the typical CDtpuscalir ekmenti, there arc 
found b blood mmute particlea of cytoplaam aboot a /i b HufruTtiH* the 
nature of which u atfll a nt a Urr of ccntrov eray They are termed Hood 
plaUisU and although thar number u dfffirail r to compute with any 
accuracy tiiero are eatunated to be about 300,000 m a cubu: millitDetie. 
They contab fine grarmlea wbcfa tend to groiro themaclrea m the centre 
of each platelet to aa to form what appeara to be a nudeua, but by moat 
anatomista tha a p p e aran ce la regarded aa Uluaoiy ^ 

Blood plateleta are generally believed to play an biportant part b tbe 
proceaa of coagulation. They rapidly collect together m chnnpa m freshly 
drawn blood and then unde^ d hbt e gr auon. It haa been auppoaed that 
thia rcauha m the Ubcratum of an enzyme (thiumbokmaae) wbch b 
coential for the prtxluction of a dot, and for thia reason plateleta are acme 
timea r efer red to ta tkromhocyUs Thu tcnn, however fanphea that they 
are true cellular elementa, and about thia there u concoenhle doubt. 
It muat alao be admitted that it u ftiH qmte rrrwwain whether they do bear 
any apectal relation to the production of thromboHnase. Thm is no 
co n vbcbg correlation between tbe rate of coagulation and the quantity of 
plateleta preaent m a of blood, and, bdeed, coagulanan can occur 

The onra of blood plateleta u uaoilly referred to the gant cella ^*4°” 
Aayi^tcywbch are found m red bone marro w (tnSfrw^irc.p.aiS). 
cella have been described aagmngout paeudopCNjial procetsea wbch pttah 
thetr way mto the hnnen of tlniwidal blood vesaela throng tbe hnmg 
endothelium and then break off bto small fragments which are set free b 
the orculatlon as blood plateleta. 


2 THE GENEALOGY OF BLOOD CORPUSCLES 

In the last acction, the immediate origb of the various corpuscular 
>1.»TT>m W of the hlnod Trms bneflv m di ratT d. The problem of their genealogy 
Dcnv requires condderatian b further detail. 

It ha already been made ap parent that the task of eladdating the 
morphological r^atianshlps of rnff eren t types of blood corpuscle u not 
easy Haonatologitts have b tbe past be« fKcd with tbe nme sort of 
prwlem as erclotkaists b their attempts at constructing a genealogical 
tree. In the of direct records of the tracsfonnatxm of ooe type 

into another, they hare had to deade bow far resemblances b etw een one 
cell and another betoken a real affinity and how far the various ccH types can 

be up satisfactorily b a nstunUly graded series by the study of cclh 
which to be btcnritdlatB b form. Whh the further development of 
the tissue-cultnie technique, and partiailtriT the method of recording 
changes m living cells by micio-cuiematography it is probable that many 
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of these difficult cjtolomcil problena mU bo solrcd. Indeed, there b»a 

slresdv come to htnd trndence of tha «nd which tends to confirm or 
tome of the esrher conceptions regirdhig the derdopmentsl potentisittfes 

of blood cdk. , j j j 

We hare noted m the e»riy embryo, Xfoiit too red corpnscia tnse 
m the firet uatmee from angiobbatic ctlli which become differentuted 
from pnmitrre mcsendijnie. In this sense, of courK, sll types of cor 
puscle no doubt haro s common sneestry It is In regard to the ori^ 
of catpasdes during post nstsl hfe, howerer that diSetences of opinion 
become conspicuous- 

It be »*id that orthodox tetdung m the p«»t gtw three *011x00 for 
the dcriTatum of blood ce^ Erythrocytes aiid granulocyte* were believed 
to (ffigmaie, mainly vn the bone maitow from two different embryonic 
typcsofcell while lymphocTte* are tamed m germmil centres m lymphoid 
from the active dmnon of lytrqAoblam. This is the po^h^ebc 
conccptiQn of blood cdl development. In. direct oppoettwn to tm* U the 
monophylctic idea, of which Mazunow hs* been a prominent exponent 
Accordutf to ffus authority nH the ccUular elements arete from a prumtive 
amodboia and basophil item cell called a haanocyioiUat which is identical 
m structure vmh ^ small Wniphocyte, or at least with it* anmediate 
precuraor the lymphoblast 'nd* cell gh« n*e severally to eiythroblaite, 
monocyte* myelocyte* tad histiocyte* The hsenwcytoblast itself take* 
origin in the embryo from fried mesenchymal cells whxfri can also give 
me to tpecislized connective tosae ceQs such o fibroblasts, osteobletta, 
fst edb, Sot. but Id postmattl life rt is behered to true mainly from the 
division of pTo-extttiQg baeraocytoblasts 
Undoubtedly the main diScuhy m the vrsv of accrating tha account of 
bsemopotesis is the idenaficatkm of the pd mi tiTe and gr . t^ir ^liwl ^enio> 
cytoblasticcrfl with the WmphoCTte. Under nonnalconditionam the adult 
at least lymphocyte* teem to be huriy ttable dements, tatber sharply 
•nitrated morpholomcatly from most other type* of blood corpuscle. 
They have comiaotiiy bem regarded as spccaUicd cod products of cdl 
(tifferenttaticnt rather than generalized and plasoc cell* with adde potencies 
for derdopment into diverao forma. Former lymphmd tiaiiue, which is 
concerned with tbetr prodoctHm on a targe scale, la dearly aegeegated from 
myeloid tuaue where red corpusde* and gnuokxTte* are formed and the 
activity of the one oaiuo bear* no obviou* rdanw to that of the odw 
Pathological condition* associated whh eicewive destnictioa and produc 
tjon of red corp us cle* may result in hypertrop^ and other change* m 
bone marrow while lymphmd ti»*uc remains unaffected, and orer-actinty 
of lymphoid tisiue with entumg lycffihocytoals may proceed quite indepen 
dtntiyofdutuibantxscrfhacmopdetictiaaae*. Thetoobwrvationaauggett, 
in tat, that lymphoid twsue no rdation to the production ofwood 
«rpu*dc» other than lymphocyte*. On the other hand, the tae of the 
large number of lymph^ea which are poured daily into the drculitioQ 
U stfli qmte uncerttin, and the potiibfli^ remaina that they are conveyed 
to bone marrow to tmdci^ further differennatioo there. Lymphoertea 
are certainly to bo found m red marrow and it u also vrorth noting that 
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in lower vertebrate lymphoid titfoe i* not to ihirply diffcrentitted frdm 
myeloid dttae u it u m m^mmaU (see p 335) 

Sabm and othcia, m their a tn dig 01 haemopoiesis, have rng^ested 1 
diphylctic origin of blood corpotcles. According to thear interpretanon 
red corpuscle* (and alto histiocyte) arc formed by the diffcrcntiatkin of 
fixed endothelial ceUt, tbar tourca in the adult bemg the endothelram 
which imea the tinntoid* of red mar row On the other hand, white bk»od 
ceEt are denved extravatcukrly from fixed ntecnchyme rt»TU which mij 
undergo dtfferentuUon in several dirccdont, ue. to form lywtpftoblcsU which 
develop mto large lymphocyte and «ma]1 lymphocyte, monoblasts which 
are the pr ee m aora of monocytet, and wtytiobl^ which 00 through 
myelocyte* to granulocyte. 

It la not pcnible m thi* brief account to do more than mdicite the 
general problem* of haemopoletit. Whatever their origm and 

their potmtiabtie* for further differenOaboo, the origm ^blood 

corputek* In the adult may be summanxed a* follow*. Red corpuscles are 
produced from pmmtrve nucleated fo ren innp* in red marrow which lose 
their nuclei before being set free in the circulation. Granulocyte (Le. poly 
morpbonuclear eosinophil and baaophll leucoCTtea} anae from the granular 
mynocyte which are actively proceed in luge numbers onfy in red 
m ar row Lymphocyte* are formed by the proUfexatian and differentuticai 
of lympboblaatB m the germinal centrea of lymphoid tissue. FIibIIt bbod 
histiocyte have their ongm prindpally m the amuaoidal endothelial ceUt 
of the liver spleen and brae marrow and perhaps also in the fixed histio- 
cyte* of connective tune, wtdle manocyte (if theac are really ccH type* 
distinct from histiocyte) come mainly frran the irticalar of the spleen 
and probably of lymphoid tiasue generally 


3 HAEMOPOIFnC TISSUES 

In the emhiyo, blood formation may occ u r in a varie^ of placea m the 
body we have already noted that tin* procea* begin* In the p r i m a r y meso- 
derm of the yolk tac, the body stalk and cboriofilc vim (p. 189). 

The placaita providea a c en tre for the active dereloprocnt of blood 
corpuscle* doimg early embryonic life, but kter tbia centre shift* to tbe 
liver and spleen. Almost up to the time of birth, the liver i* actively con- 
cerned with htemopoiesla, and here miiifs of erythrobhsts and myelocyte* 
are fonned in the mes ench ym a l ttasne immediately outnde tbe vatemar 
endotbelhizn. It is ibr this reason, indeed, tlat the fiver it relatively so 
much larger m tbe foetus than it is in post-nstal fife. In tbe foetal sp lee n , 
also both led and white corpusdea are actively produced during tbe later 
I roontha of mtra-utenne life. Apart from the fiict that lympboCTte* and 
Urge moconuclear coctmue to be produced throughout life in tbe 
spleen and lymph node* (while tbe endothelium of bep*^ tinusoida alto 
contribute* to me pnxla^on of hbdocytic mooonuclan) after birth tbe 
of bscmopoietic activity shift* once more and becocDC* locafixed io 
the red rn a rrow of bones. Marrow already pirtidpate m thU fu ncti on to 



haemopoietic tissues »'7 

Kme dtgm: during cmhryunic lifi, to M Hu. poi^ its blood forming 
qulto •ocondary to that of the W cid spleen, 
to a lOTbom mfimt the bony cancril™ tissue m 

•kSnonia occupied by red mamw but « this ago it has not acquired the 



Fto. 74. Bcdkn ot hartKn boo« min -o»«r L. Vtnoui dcm. EJ Eodotbelkl ccQ. 
rt.Pl*™criL Afl.N<qtrophfl m ? «k »cy te^ Lh. L napbocyte. Eo* Eomofdia mytlocyte. 
A. HctkQl*r c«]L Ere blo^ corpuack. Mr Nnitiopfail mrekera tMulerfi^mg 
OBtDtic dnttMn. Erhl EothrohiMt. F FrtcelL Af»y lifcfaJarjtiCTtc. IJL Po^TnKrpfco* 
itackix leucuCTle Lm Luxe IjinjAucytr, Nom. Nonmbljst. 7 Fm 
Dodciia. Eta, EorinophU W \>a>cy t». Piaf Naotn^bjl pToecrrclocTte. (Frotn A.Mx^Eaaw 
nd W Bkn^) 


d*rk red colour durnctenitic of red namrflr in tte adolt By the age of 7 
fatty tixsuc begira to appear m the ndddle of the ahafta of limb bonet, 
replacing the haemopoietic tiaaoe of red trurrow and at 11 it becomes 
evident inacroKopicallyaa a patch of yello%TriiarrcnT The latter grtduaDy 
extend* m both direction* along the ihaft until h rcacbet the extrcmitie*. 
E\-en m the adult, bower er a amall amount of red mamrw pcriiati m the 
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regKm of the mettpliytu m the cue of tbe Ixrger Vrmh bones. In tbe 
^^>liyses of the lo^ booei (ti well u hi the bones of the ctipns tnd 
ttnos^ the red minxrw n aim s ap e rae ded by yellow marrow a pfocest 
which is nioally complete by the ago of ao except for the p^f 

atstence of a few «nall patchea of m ar ro w < 

In the ctncelknn tisane of the riba, ver te brae, st eminn, itnTI bones and 
os inryiminstTTm, red marrow p e rsista as actrrely haemoposetic tnsoe 
throngbout life. It is important to recognise, also that m the adult yellow 
manuw may be igam replaced by marrow under exceptional or 
c nm s tanc cs, at in certam t^iei of anaemu m wfaicfa excessl T e bk^ destnic 
tion req oir es to be compencated for by Increased haemopoKss.* 

In a tfucUir e, red marrow contims a loose stroma which Is rather shnSar 
to the reticnlar meibworit of lymphoid tiaroe. That is to say it u formed 
of an mterlacmg network of rettcolar (argentophil) fibres entangled In 
which are reticulv cells. The latter have phagocytic propertiea, and they 
can be moblhxed and trinafcrmed into £re^ amoeboid macrophages. 
The stroma a permeated with shmsoidal vcsBcu>lined by endothelial cells 
whose outUnea are ohen Indistinct and which, like the Ejipffer cells of the 
hepatic tmosoidi, can also be c o m e co n v e r te d into scUre macrophages. 
It has been s uppo se d that the vascular cndotheHam In red marrow b 
to that the vessels open oat dnecdy mto tissue q»ces, but thb 
point b still ancertun.^ Perfitsion exp enmmts m^gest that the smusoidil 
capOknes are not pertnanemly in direct commiimr anon with the marrow 
pa jenchy ma on the other hand, tb^ do be co me temporarily open ressels 
when maturing red corpuscles pusn their way threrogh the endothelial 
fin, mg to reach their lumen.* 

In the odiaTasailar tnsue spaces can be seen t gre at variety of blood 
corpuscles showing all degrees of development — nuoated and mature red 
cells myeloblssts, mydocytes and gramilocytes lymphocytes tnd mono* 
nudear 74) In addition conspicuous giant cells are also presoit. 

These are c^^mtgekctrvocytts • They reach a djarngtia- of 40 p, and are 
distinguished by po w ea B n g a lobulated nudeus which often tikes 00 s 
chaiactenstic ■mintr form. The tignifiemee of Twgaki ^iicyics is some- 
whst doubtful, but (u previously nicntioned) they are genaally supposed 
to give ongm to the olowi platelets by &agrocntatioo of thdr cjtopUsm- 
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LYMPHATIC TISSUES 


'T'HE lymphitic system, in hi narrower icnie, cotmiti of a e^cm of fine 
Jl tbiorptiTe vewdi permeating mott of the tmoei of the body and 
emptying tbeir contcnti nltimat^ into the venom fyitem. Along the 
conne of theae ves*^ are group* of lymph node* (or lymph gUndi') 
which are compact bodies compoaed in the mam of masse* of lympbo- 

cytci cntan^cd in a reticulum of connectivt-tissue fibril*. Locahted maise* 
of Ivmphoid tiitue of d ifferen t types, doeely related m structure to these 
lymph nodes, are also found In other parti of the body such u the palatine 
tn rmil, tpkcn, thymui, and lymphoid follicle* embedded in mucous m em 
brane*. The functionil ligmflcance of these aggregation* of lymphocytic 
fglli t* stiU m doubt The function of the lymphatic veasds, wnrever i* 
fiindarcbcntally one of ibsorpuon from the connective tissue space* of the 
body and the role they play u of extreme importance m the consideration 
of t^ defence of the boay against infection and of the spread of dektenoua 
material from one part of tne body to another 

Lymplutic v«*^ form penpbendty a nch meshwork of capUlanea 
whiu imite into higer trunks until the mam vessels art reached. They 
convey a colourless called lymph which is ultunately poured by way 
of the thoraac duct (and the right lymphatic duct) mto the veins at the 
twse of the necL During it* passage £rom the periphery to the (honac 
duct, the lymph is usualfy filtc^ t^xmgh one or more senes of lymphatic 
nodes. 

Even the main lymphatic vessd of the body the thoraac duct, u m me 
only comparable to quite a small vein hence the lymphatic v as m lsr 
system as a whole is not very evident m gross dissection. It vraa not till 
16x7 that lymph vessel* were first observed by Aselli (Professor of Anatomy 
of Pavu) who noted them m the mesentery of the inleatme of a Veil 
nounshed dog* The discovery was due to the fact that the mesentenc 
vessels convey from the small mtcstme a large proportion of the fat which 
u absorbed there, and after a meal rich m ut* th^ become filled with a 
miDcy fluid calkd diyle which serves to bring them in evidence to naked 
eye enmfnitioa. 


1 LYMPHATIC CAPILLARIES 

The peripheral lymphatic capillary plexuses are very mmilar to those 
of the blood vascular system. In ^cral they he somewhat deeper than 
the blood capflltnca beneath epithelial surfaect, and the mdividual vtsseli, 
besidea being larger are more irregular m contour showing dilatation* and 
constne^ns in their course. As in blood capfllariea, the endothelium con- 
sttts of flattened pavement cell* with wavy margins cemented together by 
o A»dll.r><L*ti>w WOcvieo? 
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LYMPHATIC TISSUES 
m mtercellulir cement «ub»tincc tviilcH am be dcmnnitnttcd by traitment 
with direr nhs (Fig 7c), The endothelium j» in direct contict with the 
furnnmdmg tisniea wrthcrat a penthclial cnT t^ring 
For many yean there was conndcrable doubt on the qucatioo whether 
or not lymphatic capillariea open freely Into the conneedre-tnaue tptcea 
m which they he. It u now known quite certainly that they form a cJ »5 
ayatem, everywhere lined by a complete and mtact endothelium, the 
terminal capihanea endmo m a plema or blindly m pomted diremcola. 
OpenmOT or atomata hao been deacribed forming gaps between ac^cent 
cndothehal ce l la, but even tfaeae opening! have now been shown to be arte- 
fact! produced by imperfect hutologial technique. It is evident, there- 



fore, that abtorptioa Into the hnnen of the ly mp hatic caphlanei must take 
place through the endothelial crHa or through the cement substance which 
bmds the margins of these together The accmmilalian of ezperi 
mental evidence abowa that the former is the nonnal method In gerkcral, 
it may be said that l ymp hatic vewels p r ovi de the priodpal route for the 
absorptioQ of partreniate and coUold material mnn cormectrve- 

tissoe spacea, while the blood caplllanes, m so far as they play s si^ 
Scant in absorption from trasne spsccs, taki^ up the aohible oyatalloidt. 
Hus, bowever is by 00 meacs a auarp dlatiDctioo. In comparing the 
absorption of a series of substances, Drmker and point out that, 

as the mokcukr sixe of the subataoce increases, there u a progretaive shift 
from blood to lymph absorp ti oo. When s molecular sue of the dimensiaDS 
of serum albumen is reached, absoiption by blood capillaries practically 
ceases and the lymphatic route is alone os^ Consequently in cases of 
lymphatic obstruction m which the tissues become oedematous, they 
become filled with fluid contiinmg a high proportion of p r otein.* 


C, K. Drinker sad J M. Yoffer Lymflkmtiti, Lym^ LympimU Txamt lUrmd 
Uair PrtM. IW* _ 

In •nidks of abaofpttoD M taede* frm Um owt», Dtrae* and Trara 
1>1«7 Wi) fotjod disc r ip er renc m and dipt nb a la and tatanoa fsTtna, aO wkb a 
n¥ilamrtf w cJint so,aoe, ara abao(b«d akaoat ae dr afr bv IjiuidMlk rcaadi. 

vtsTcaa cotwi ranoan. wlJi a w tJ mdtr waJfbt bakiw 5,000, la abawbad wkfa 
faclfitr br blood naaek. 




LYMPHATIC CAPILLAIUES 
w« mutt MW coottder the medanlsni of abeorptim by W 
dpahnc*. Thu ha been ntudied Htpenmmti% .nd i!» by tM 
otro^hoo of hvmg otpiltatet m OMuei BUttble for tnitonuol rtudy 



F». ^ Ccnwn-4iickla drcwiof of hrophrtic asd btood'Toad plcruM fai # tmxtpcrtnt 
dnrnwT ma nbbotw ’Hm tw Mt» of Tmob are atiw r o Btntwkonc but not 
ftuakiK^ L. Lymphitic csad. A-fnarj V \dcu AT Macroebu*. Ktwnl&aatfao xi6o 
CFram £. R. tod E. L. C3atk.) 

M rreo. A» regirdi lower vcrltbraje*, »ucfa ob»emtioni tiro nude 
on the vettcb m the tr»n»parcnt UiU of ■mphtbun krvte, wiuJe mamm«»..n 
Ijrraphaiics hive been «udied by meini of tnntpirent dumbcra m the 
e»n of rabbitt («ee p j).' TheK tedmictt rneiods hiTe provided the 
E. B. Out, Obacrmooi oo lirfog i T o w mg {q ^ hrn* 
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LYMPHATIC TISSUES 
opportunity for witching the growth and repair of lymphatic Tciecli, md 
thro reaction* imder Dormil and abnormal conditiona to 
chwmcal, and other stunoli. 

Ab already I ndica te d, Ijmphitk vcaaeli are largely coacetned with the 
absorption of colloid material and extravascnlar pm iwq material which is 
not normally taken up by blood capIUaciea, suggesting that lymphatic 
endothelnim a considerabty more penneahle thm the of 

blood Teaaela. However die permeability of lymphatics ma y rapidly 
change from tune to trme, for it la mailxdly increased by mechuucal 
imtidon, chemical stnnnlation, and rise of tempcnture. It has also been 
noted that lymphatic capUIanea are conc erned the remora! of maohihle 

particle* connecttre tiasue ipacca. A rornmon method of tbsorption 
of such particulate material ts rta phagocytosia by phagocytes 

(lencocjtea or macrophages) rrhich men gam entrance to the himen of the 
Teasel by actirefy penetnttmg the endothelium with hs ingested 
This, howerer a by no the only method of absorptiOD. 

In amphibian krrte it has been obaerred that if a ford^ particle (such 
aa a blood corpuscle or a cannine partide) is placed in the connectiTe tasoe 
alongside a lymphatic reasel, a small ^nont grows oct of the vcsael, extend- 
ing as a diverti^am nritfl la endothelial wall comes mto crmtart with the 
particle (Fig 77). The la^ then passes through the endotfadal cells 
[wddch apparent^ imdergo s softening m co n s ate rx T ) until h reaches the 
lumen, the direfttcuhnn retracts once more and the capiUuT wonies 
iti ongmil shape. Although such temporary outgrowths nom lymphatic 
Tesseb have not been seen to oc cur In mammalian tasoes, the pr oc ea s of 
absorption through the mtact endothelium appears to be otherwise iden 
tlral. This pr ocess, it seems, involves some Imd of phagocytosis on the 
part of the endothdial rr>1l«, The do not show all the chaiactenstic 
properties associated with true phtgocrtea, since, altboogh they m^ in 
rypt a ifi nr r Ti i mfnf^ op mflnitfal dyes likw the phagUUjUC CClU Ol ths 
mamophage system, they do not beasne freely moule. Nevertlielets, the 
obacrrations of ni« A and Clark mdkate that lymphatic endotbehal cells 
hare the piupaity of transporting in some wiy paiticalate msterisi from 

without mto the himen of the ret^ It has been argued that this mechanism 
of absorption will not altogether account for the rapidity with which, in 
some conditioct*, absorption by lymphatic vessels mar tike p l ace. 

TTiat temporary rupt ur es of the lymphatic endotheHnm may occur 
resuItiM m an impaiiiaent of the renel wall whkh allow* free entry of 
mxter^into the lumen from outside, has also been shown by the anatomical 
ftndica of ri«rir and dart* Very alight trauma may produce such * 
rupture, and the opening may panst for sereral days. Such artificiil 
openings (though to be regarded as exceptional) are liable to occur in con- 

dJtion* such as mflammitioc, when free fluid accumulate* m the conncctire- 


Amt. Rte. S 19091 E. R. Chii twl E. L. GaA, Tba hta of oxmidod cyiluwiyttJt 
tb*frmnoT«Ibyl7iiipb«tfc(»pin«rk*«odtiiwplio*ocTte» Am^ ip»t 

E. R. Out oad E. L. dark, ‘O l—r ratkaa on dw tmw pvwth of l ymph otto tcmcu o 
Men ki mwporeil A*n»bm in •nr' BiJfL Bl ipjx m—j— 

n Jyxnptotfc ctpmtrtc* 
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LYMPHATIC CAPILLARIES 
,i»w. they provide . ituam vAereby Wog Iwctem nuy 



Fto. 77 Setto of i c cord i ihowing tfa* tnmtfa of ^y tryphtU fo jv^rW y irf «i rf i >t» ^rtr ^ 
i M fw n of blood, tod tba pkkbf up « r«d blood W tbe onrlf formed hrmpbatk 
•prout fad by vcndafaif cdk, Ly». Lyntphtlc Teael. AV BkodvMcL JLb^IUd 
blood cflk. P IFvC Pijpsfatcd nodormff oik. (From E. A. Qaxk ^ L Ckxt.) 

£»t globolet) Of wlublc matemi ahova bv the injection of aoluhlc dye* 
Into the blo^ itrcam) cm ptM dtrtdfy from bbod ve**el* into fanmedotely 
tdjacmt lymphmc ve**eIiLjj)ene£ratmg the intact endothehal wmUi where 
the»e come mto contact. Tnii phenomenon may rrpMn the pre»ence of 
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red blood corpu»dc» wbldi are •omctunc* to be obacrved m lymphatic 
venels. It may alao be of conalderable tigmficance m tly* ^ tianea (e.g the 
Uvcr) wbere lym ph a ti c and blood capSJariea he m Terr cloae rekticai with 
each other According to dark and Clark, ‘hu probable that much of the 
fluid m the lymphatica draining the liver — which b generally considered 
to conititiite a large proportion of the lymph entenng thq thoracic duct — 
repreaenta a direct leakage from the penlobolar portal veaaeb to the 
accompanying IvmphatKi and that It has not bom In contact with the HI* 
of the liver loSule Thb itatement la of conaaderible M griHimira In legird 
to the observation that if the pressure In the bbular blood capillanes of the 
liver u ribed by com p r em g the vena cava just above the dbphragm, 
there la an tmrn^atc outpouring of highly protemued lymph nom the 
thoradc duct.* 

In acutely m Aimed and oedemabws tuscea the lymph flow is often 
conndenbly accelerated and the lymphatic capOlanes become markedly 
dilated. mediaiuam of this dmtatioD baa been studied by PuUmger 
and Florey * Tb^ toggeat that it b a passive p r o cess dependent upon the 
fact that the cotUgen flbrfla of the sarrounding connective tusue are 
directly adherent to the endothelbl will of the lymph vessels. WHh the 
swdiing of the connective tmue m oedema the Incieased tension of these 
flbiib exerts a traction on the vessel wall which widely opens the hunen. 
The dllatatioo b thus quite djatinct from that of bloM caplllaiie* m in* 
flamed tissuea, for in Am latter case it b entsed by the increased totemal 
pressure of the orcubting blood. 

Direct and Indirect obserratians have ahown that the flow of Inoph in 
peripheral lymphatics ts accelerated by movement and abo by rabmg the 
blood ctpill^ pre ssure . As a practical coroHaiV of these obserrationi it 
may be noted tl^ the best metfa^ of Increasing tw lymph drainage of any 
part cS the body is to produce a temporary Tencroi ccogtation (e.^ by 
applying local pressure to the veins from the part) and to follow tha up 
by active morement or "^***|7 * This b important m view of the fact that 
chrotuc Inflammatory condltioot socDctnnes lead to ■ local stagnanon of 
the lymph flow 


a COLLECTING LYMPHATIC VESSELS 

The lymph from the peripheral plexuses passes into the coD ecrin g 
rKann<»l« nf the lymphatte a y two. TllM TCaScU tTC shmUf tO STttall VCnclcS 
in their endotheiui lining, and in possessing valves, njc Utter however 

are much more numerous than in veins.* They arc ahrsya paired, bciiw 
formed by a r^uplkatioti of the endotheCum between the lajw of wUch 
ta a thm support of dclkate cotmectivc tissue. TTic vahres direct the flow 

C.K.PTfatori>viME.FWld.£ jwr***< mm/ Titmt FbdJ Sdm»T« TloddJ 

k 193}. 

B. D PuQkurvt Mwl H. W Fionj. ‘Boom ofaMrrtUon* oo tb* « uucag » cad fu nctlnn » 
ef l i m t»b «tk » BrU.Jomm.EArmOt.* t 93 S> 

Vtlnt m ctaM fa) tb« *»mli gf Mld-bloodvd wmbntc* in vbkfa tb« 

cfavtdAkM fa dircctwl ^ i hy thmlcs ar ca ntw etO* lynifih ba ai ti 



COLLECTINO LYMPHATIC VESSELS *a5 

oflymph tnd mve»eli which ndiiteai different dircctionj from M 

tomnu vinou* gr e mpt cff iymph code*, dewy dispoted accordingly 
Lymphttic ve*»e& in the body frcquentlv iho-w local diktitioiu 
itely proxunal to etch pair of Tilrca, which give a chtractenitic beaded 
or knotted appearance. 

Three laVCT can be diatingaiihed m the walla of the large lymphatic 
vcaaeli, tunica intiira, fn^du, and adventitia, and in their relative devdop- 
iDcnt and conatituGon th<w are very anmlar to those of tmalt veina. The 
tunica intnna conuati of toe endotbeUam with a thin aub-endothehal coat 
of tiaauc» the tunica media contains cifcular and oblitfne muscle 

fibres with connective oaaue and some daioc fibres, while the 

tunica adventrtu (which a the thickest) comosta mainly of a condensed 
interlacing network of connec ti re tmuc fibrils (coDagenooa and elastic) 
with some plam muscle fibres. The plain muscle m the walls of lymphatic 
vessels b osually more abundant tmmediattly proumal to the valves, and 
m this position it probably plays a part In the propulsion of the lymph by 
active contraction. 

Lymphatics have been obaerred to contract on sympathetic stimulation, 
though, iwKki» blood vessels, they do not apparently react to adrenalin or 
pituitnn. Contraction m response to eketneal and mechanical stimuli of 
tympbanc c^iiUanet witiiout any moade fibres b tbear wall baa also been 
obse3*ved m some snunida- It thus appears that the endothelhma itself may 
have contractOo prt^>«tiei. 

Lymphatic vessels are innervated by fine non tnedullated fibres 
forming a network in the tunica adventitia. oerrea are behoved to be 
ptedommantiy motor siooe they are mainly found m vesaeb with muscle 
fibres m the tumca media. However fine terminals may extend u as 
the tunica btima where endmw of a recep tor type have been described. 
Rhythmic contractions of lympoatic vessels bare been observed in certain 
mammab (e.g rat and guinea pig),’ but it is not c er t a in whether thi« con 
tnctiC^ IS dependent on nervous rmpulsea. Bciulea a nerve supply the 
waUs 01 the laiw lymphatics are vascalanzed by fine blood vcsacls. 

The thoraac (fact The lymph from the greater part of the body la 
eventually poured into the tnab lymph vetsel— the tetrode iuct winch 
coromeocea m an ekmnted sac, the cuUrtu cAji. In rran, the thoraac 
duct ia about i8 inches Wg and rather varicose b appearance, its H Jinf tf r 
bang on the avers^ about a to 3 mm. Extending up throo^ the thorax 
b close contact with the bodies of the thoraac vertchrae, ft ultimately 
teadia the base of the ncdi on the left ride where it opens mto the com 
racncemcnt of the left innommite vein, le. st the Junction of the left 
micmal jogular and subclavian veba. The duct hu a structure tfmtbr 
to a van of ccanpaxihlc sue, except that m title tunica media the plab 
muscle tissue ts rather more predominant. 

It a important to note that the openbg of the thoracic dnet bto the 
mnombate vtin b not the only route whereby lymph iwhea the blood 
stream. On the nght aide of the neck 11 the right fywiphaUe dud which, 

b to h. pbrsWoskal pcopenfe. Pfmc K»t th «nx±Dto 
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red blood corputcle* which are aoinetimea to be obecrred in lymploric 
▼eaaela. It may aliQ be of conriderable ngnifiotnco in thoee tmnea (e.g the 
Htct) where Ijr mphat ic and blood capflitnei he in vay dote rekticm with 
each other According to Clark and dark, it is probable that much of tbe 
fluid in the lymphatici draining thi»i fiver — which ii generally conaideied 

to constitute a large proportion of the lymph en i m ng th^ thoraac duct 

represents a direct ^eaJtage Irom the perflobolar portal ressela to the 
accompanying l^phatica and that it has not been m contact with the trTTi 
of the liver lobuie This atatement la ofnonsideiable sigmflcince m regard 
to the observation that if t^ pr eaa u re In the lobular blood ctpillancs c? tbe 
hver ia rais e d by comprcaamg the vena cava just abovo the diirohragm, 
there is an immediate ootpounng of highly proCehiized yjznjih fro m the 
thoracic duct* 


In acutely inflamed and oedemamoa dssues the lymph flow is often 
considerably accelerated and the lymphatic capillanes become maikedly 
The of fKn dflatation betn stndied by Pnlhnger 

and Florey * Tb^ soggest th«t it is a panive pro cess dependent upon tbe 
hurt that tbe colltgen flbrili of the surroondiDg connectiTe nasue are 
directly adherent to the endothelial wall of the l^ph vessels. With the 
iwdhng of tbe conne cti re tisaue in oedeona tbe increased tension of these 
fibrils exerts a traction on the TcaseJ wall which widely opens the lomeo. 
Tbe dnatahon u thus quite distmci irom that of blo^ capillaries m in* 
flamed tisauet, for m the latter case u is caused by tbe increased internal 
pressure of the arcnlitmg blood. 

Direct and indmect obsemetktas have shown that the flow of lymph in 


peripheral lymphatics is accelerated by m o rement and also by lalstiig tbe 
olocd capiliiuy preasme . As a piactii^ corolIaiY of these obserratiOQs it 
may be noted ti^ the best rrwb nH of increasing me lymph drainage of any 
part of tbe body u to produce a temporary venous congestion (c.^ by 
applying local p ressure to tbe vems from the part} and to follow this up 
hy a^ve movement or masttge. This is nnpoitmt m view of the iact th^ 
chrome mflsmmatory condltkms sometunes lead to a local stagnation of 


the lymph flow 


2 C»LLECTING LYMPHATIC VESSELS 
The lymph frocn the peripheral plexuses pssses into the coBectuig 
channeis of the lymphatic system. TbwvewdttretiiziikrtotiDallvcQiiiet 
in their endotbeW fining, and in pi.ssi.'i»ing rshret. The ktter however 
are much more numerous than in veins.* They are ahriys paired, being 
formed by a ledapUcstkm of tbe endothelium between tbe of which 
is a thin tuppor t of deCcate connectiTe tissue. The valves direct the flow 

a R. DrMctf aad M. £. FkU. Icr^asdo. AtwS* TIm /A iU, Biillftre. TbcUO 
A f'-rr* , hmdan, 93}. 

B. D FolIiQtaf *od H. W F 1 a(«r, Soam baurBlkn* 00 tbs str oct uf i and hoctSorM 
o/havbxtka Brit.yiirn. Ex*, 1935 

VsItw STS abseot bx tbs samls at eoU-blocdsd rwrtAtmim la w hich tbs 

tympb circalsdoti it cfanctccl 67 riiy thm l raC r coptTactfls "irmpb beam 



COLLECTING LYMPHATIC VESSELS **7 

con*ttDtly mto ttie renil vans or mto the inferior ven* c*vi it this levcL* 
A commumcancm bis been observed in some ipeciei o f sg iurreL 

Sneb Tinitioti* irt explicable on the cmbryolo^lcil origin of lymplutic 
vessels ts outgrowths Dom vans* The comniuniciting c hi nneJ s of th e s e 
outgrowths nsoilly become obliterated except in the case of the thoraac 
and nrfu lymphatic ducts at the base of the nedi. Nevertheless, the 
recogmuon of thor occasional permtence in other regions — other as 
indiYidual or specific variations — is of obvious importance in the 

experimental investigatum of the factors controlling the circulation of the 
lymph* 

thoraac duct u well provided with valve*. However ita entry mto 
the innominate vein is not pjarded very efficiently and there is frequently 
observed a regurgitation ofvenoaa bk^ into iHe upper part of the duct. 

The oatema rmyh la to be regarded as the sole survivor of a tcnca of 
lymph sacs which are formed crnbryologically In the eariictt devdopment 
of tM lymphatic system (eids tnha p a44) In man it is an elongated 
dilatation the lower end of the thoracac duct, mcaaurmg about 2 to 
3 indiea m length and J inch m width, and situated on the antenor surface 
of the firit and aecond lumbar vertebrae in the pettenor abdominal walL 
It rccavea lymphatic trunks drauung the lower Innba, the pdvis, moat of 
abdominal viscera, and thei lower pan of the thorax (ng 78) It la 
extremely variable m ita form and may m pamaliv or completely r^laced 
by a ple:^ of tympbaQc vessels mtenoingied with lymph nodes. 


3 THE GENERAL DlSTRTBimON OF LVMPHATIC VESSELS 


Lymphatic vessels are absent m tboae tissues which are devoid of a blood 
sup^y — e.g hyahne caithage, epidcnoSa, and the come* of the eye. They 
hm also not been certainly c 4 i*crved m the bone marrow or spleen. In 
the central nervous system they are entirely absent — mdeed they have 
never been observed inside the skull or the vertebral canaL It should be 
noted in this connexion, that perivascular rhann^U md other spaces m 
connective tissue are sometimes r ef er r e d to ts Tymph spaces' This 
designation is quite erroneous, for they form no part of the lymphatic 
vascular system ind do not contain lymph.* Bnmiarty leroui amtic* such 
as the peritoneal and pleural sacs, ts as bursal andjomt cavitic*, hive 
been included by some authori under the category of the lymphatic 
system. However such cavities are developed mdependently of and 
in a manner different from lymphatK vesseU, and they have no direct 


CF Oofap it* cp ee afp«fTn«aentcfltiMaqrucKtloiMbet w >TMK«WTity>,«t ,^ 

^ ^ da mul rrioa fa> South Am»km Amtr 

Jotmt, AMmi. 151*. ' 
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bj the cnion of the right jugakr trunk, snbckmn trunk, end meditttnttl 
trunk, convey* lymph fimn the nght ndo of the had and neck, the right 
upper extremity and the right ride of the thorax to the nght mnoninait 
vein. Qmte cocnmonly tboe three trunks open aeparately into the nght 
internal jugular aubdiman, and mnoinmate vema. It la abo to be ncra 



tfiit in tome animala — e-g the cat and dog* — the thoracic duct may bo in 
open communjatian with the axvgoa vein m the thorax. In the rat lym- 
phatico-Tonoua coinmnnicfticma niTe been found with the inferior vem 
cava and the portal vein. In-certaln South Am eri c an monkeya, again the 
lymphatic Tctsela from the abdominal rbeera and the lower limha open 


L. W Freenwa, T.j unii*lk pthwr * frotn tlw tatwttcM fa tlw dof' Jjitt. 93 
rj. 'Ij7iDpb«tlcs>>T«»o* eaencaaoSwtiom ta t!» m* Amtr ymn. A*tt~ X 

i0iS. 
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connexion with the latter (thhcnigh the tddcr t na t o mTa ti wppoted thu to 

be the cmX „ , , c 

Where lymphatic* are prtaent, they n»u*Dy nm m the loo«i ar ea* o t 
connecCvc tasue. Hence their datribiition i» detenmned to a large extent 
by frytal plane*, and they also abow a tendency to run close alon^dc 
blood vesaela m the loo*e ti**ue the penvaicuiar tpacea. In the limbs 
and the body wall the Kipcrfiaal lymphatic* of the integument arc 
rather tharply from the de^ lymphatics by the ae« ftsoa, 
particuitriy wbere the latter is den*e and aponeurotic as m the lower 
extremity Anattomoae* betw re en the aupcrficul and deep *ct» of Teasel* 
are practically insignificant, and the two unite only proxiinally where the 
Train collecting trunk* of t^ superficial act p**s through gap* m the deep 
faaoa to enter the underlying titsuc*. The recognition of this fact Im 
formed the bam of the treatment of certam type* of lyumhatic obstruction 
Kuch a* elephantuiii* In this tropical diaeaae the aupcrncial lyxnphatica of 
the lower extremity are aometnnea blocked at the top of the t^gh through 
the mTanon of the vcaaek by the filana parasite. One operative procedure 
which has been densed to deal with thu condition i* the removal of a long 
stnp of the deep so a* to allow the eatabUillmeDt of a free inastomoais 

betw een the obstructed cuperfiaal lymphatica and the deep lymphatic* 
thu* piondin^ an ahemative route for the drainage of the skin. 

Tbe tbdoQunal and thoracic vucera tats ncbly snoplied with lymphatic* 
and here again, the peripheral yeael* art divided mto two set* a lub- 
mucou* and a «ub*en^ plezu*. These have been commonly regarded a* 
faulrdotina with vetT sparse anattoffioticconnexi on*. Howerer studio 
on the lymphatics of the ttomach have now ahovrn that a mutual anasto< 
motu hetw«en the two sets is comideribly more free th«n u generally 
rcalizecL' 

The coHectmg trunk* of the lymphatic s ystem uaually run m close 
relation to the larger blood vessela, e»pcaally vems Indeed, the courae 
followed by lymp^Uc vessel* drammg any particalar r^ion of the body 
can almost always be mferred from a con si oentKm of the corresponding 
venous drainage. This intimate relation between the roam lymphatic and 
TCDOus dufm <^ ts perhaps to be expected on th* bass of the initial denvt 
oon of lymphatic vessel* from the veooua sys te m m. the embtyo 


4 METHODS OF INVESTIGATING THE ANATOMY 
OF LYMPHATIC PATHS 

^ biuc al importance of a knowledge of lymph drainage rootea 
led to extensive anatomical studiea m ordCT to map out these raftr Direct 
dissection a of Ottlo use for tha purpose, since lymphatic vessel* are to 
tenuous and difficult to sec. It b therefore oecesairy to display them by 
expcnmoital meth^ or to mfer thor dispotmon by traemg-the dotina 
non m lymph node* of pathologicil or expcnmentaHy injected material 
J ILCaj The b*npittUc» of th* «neo*di ipjy 




investigating the anatomy of lymphatic paths J3I 
The demomtndon of lymphatic vM»d« by radiography hei prroM 
fresh opportumoet for the itndy not only of the dir^on of lytdph flcnr 

m the living body but of the nte of flow and the Actors ^ch mflueacc it. 

The importance of this method was fiiat reahied by Fonaoka' in 1930 
By 11*1 Pg lipiodol for injecting the spheral lymphatics m tnimali he and 
hia aaaooitea were able to foUow the now of hrmph* the formation of col- 
lateral pflthi in the case of obstruction of the uiual chan n e l a, and the 
regeneration of lymphatic veasela. TTiey observed, ma den tall y that it la 
very doubtful whether a steady and contmuoua flow of lymph occurs m 
the penp heral veasdi durmg rest. On the other hand, the radiographic 
thidows alter them appearance very rapidly If active or passive movement 
of the part is allowed Radiographic methodi have been more recently 
employed by Gray m atudying the role of lymphatic veasela m the spread 
of cancerous growths m man. For this purpose he made mjections of a 
radio-opaque colloidal solution (tborotrast) mto the tissues with a hjqio- 
dcrmic ne^e. 


8 LYhtPH NODES 


In the course of the main lymphatic veasela m certain re^ons, and 
usually occumng in furty well*<tefined groups, tie compact bodies formed 
of lympboid tissue and adled lymph nodes, or lymph glands The latter 
term, which u still in common usage, la, boweva- quite erroneous since it 
unphei secretory fanctioos which th^ do not possess. 

Lymph nodes are flattened, oval, or rounded stru c t ur es with a smooth 
surface. In man they vary m diameter from a few nuUimetrea to as much as 
an mch or so Commonly they are somewhat bean-tbape^^ with a hniim. 
An efferent lymphatic vessel (vtsually smgle) leavca me hDum of f^h 
lymph node, while a number of afferent vm^ carrymg lymph mto the 
node, enter it along the conrea border In these veas^ the valves are 
dnpoted so as to direct the lymph through the lymph node m a pm Timal 
direction. Normally the lymph drained by aU lymphatic veasela from 
any port of the body paasea tnrough one or more lymph nodes in tht* 
way before it U Anally collected mto the thoracic or right lymphatic duct 
and poured into the blood stream. Lymph nodes arc especially numerous 
at the proximal ends of the limbs, In the neck, the pelvb, the mesentenes 
of the abdominal viscera, the posterior abdominal wall, and the mediaitinal 
region of the thorax. As we shall see, their preose locatmo and the areas 
from which they receive lymphatic vcaaeb are of great Importance from 
the clin i cal point of view 


In structure, a lymph node consists essentially of of lympbocytea 
enmeshed m a network of fine connectiTe tissue and enclosed altogether in 
a firm, smo^ capsule (Figs. 80 and 81) The capsule a formed of fibrous 
tissue m which there is a certam amount of plain muscle. The latter la 
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from tny pwtiiailir put of the body The dlriTal ob^mdon of tte 
pondon of lymph nodes mvolved m the spresd of jnflamrT M tnr y cooditjcai 
or of miHyiint tomoion from d iff erent ornnx or tovues hts led to the 
accumuktion of Tcry viluable deta regarding drainage roctea m mm, 
Local mjecdon of eoloble dyea or aospenstona ^ partioilate mafwTl (nxli 
as carmine or bactena) and thefr tubaeqnent detection by hiatologial 
examination In lymph nodes, haa provided ■fmiTar information with regard 
to lower mamma la. 

Direct injection of lymphatic Tcaaeb allows the yiaoal demoDstratkm of 
drainage routea. Peripheral lymphatka may be ahown np by perfuiiofi tf 
the blood vaacolar system wi^ aflTer nitrate, the lymphatic reaKla bang 
then Imected directly with material auch aa mercury^ Thts u an oU 
method that wu used by Sappey m 1S74, and m many anatomical maaeanB 
admirable preparations of t^ type may be seen to-day The common 
metbod now employed for mjectnig lytophadc veaKb Is to inaert a faypo- 
denme needle in the loose coonectiTe tiaaue of the region to be hnntigi^ 
and mject bhndly The m^ecdoo matenala used are Tanona, bat we may 
here mention Gcroti a injectioQ (which contalaa Prinaian Blne^ 
aqueous aohjtiona of dyea anch aa Bcxlm Blue, and Indian ink. By unng 
steady pressnre on the aynn^ and varying the poamon of the needle 
point, to injeoian can uaualty be persuaded to enter lym ph a tic veaseli. 
The flow of the material U ald^ by light massage of the and in tH i 
way the veaads may be flQed op to the lymph nodes m wmch they tenni* 
Date. This method is used on Md tissues. It was employed by Jafflitsoo 
and Dobaon on the human foetna for an extenarre mvcstigatioo of the 
lymphatic system m m«n, the reaults of winch bare pronded the bans for 
many of the diagrams In modem text-books of human anatomy 

Lymphadc ruut ea may also be demooxtrated in Irrmg anhrali expen- 
mep tally by the local dqpoaitum in the tusnea of soluble dyea or Iiulian 
in^. Withm a ahort thne the material is taken vp into the rmKif, and the 
Imph nodes in which they tecmiiiate can be identified by their atamiDg 
Potatsiam ferrocyanlde can be used m the —rw way In this case the blood 
vBscnlar system is washed through with normal aahne immediately after 
death m order to remore the aohition from the blood capQkriea, and the 
tijsuea are then placed in weak hydrochlono aad, which leads to the depod 
tiOQ of Prusaum Bhie m the lymphatic vessels and lymph nodes 
have im the fer rocyanide. 

It u po«ible to mject lymphatua m a rere i s e direction in spite of the 
of valvta. This ta done by first hgatnnng the Train chicts dtmog 
life, which reaults In a dwtenaion of the penpheral tributaries and a resulting 
incompetence of their delicate valvea. It b awgeated that in certam potben 
logioir conditkns a retrograde flow of lympn aiinilariy occur at the 

retuh of blockage of the mam channria and that bacteria may thus be 
carried along the veascb in a dutal dire ct ion.* 

J E. jMiiliirMi and J F Dobaoa, Oe (be t nj ectfao oi ty mp ha ffce by Fraaian Bfaw* 
Amt. as, 9 o-i 

Tbb fa (be of tfaaery (bat p i ikiaaT y tnbemiloafa hi cettaic cwo fa aot due 
to an afa-bomt W***-*** ^ but mar oririaata Irom pcfaaan Infactkn of Ijfaph oodae ki 
tbaDedcrtfloo- Tbaarfckncafcrtbfa, Wwwr fa not eoertodaj. 



mVESTIGATING THE ANATOMY OF LYMPHATIC PATHS *3* 
The demoMtration of lymphatic Tetsd* by ndiogr^hy ha* provided 
fresh opportunities for the study not only of the direction of lymph now 

In the living body but of the rate of fiow and the facton which Influence it, 

rbe importance of thi* method wia firtt rcahicd by Funaoka* in 1930 
By u*ing hpiodol for injecting the Mphertl lymphatics in a mmsln he and 
hi* usoaate* were able to follow ^ Aow of lymph, the formation of col 
lateral paths m the ca»e of obstruction of the usual c hannrls, and the] 
rcgcncratiOQ of lymphatic veasela. They ob*erved, incidentally that it is 
very doubtful whether a steady and continuou* flow of lymph occur* m 
the peripheral vessels during rest. On the other hand, the radiographic 
shad^ alter thar appearance very rapidly if active or passive movement 
of the part u tllowca Radiographic mctiiods have b^ more recently 
employed by Gray m studying the role of lymphatic vessel* m the spread 
of cancerous growths m man. For this purpose he made mjections of a 
radio-opaque colkndal solution (tborotrait) mto the tissues with a Inrpo- 
denme needle,* 


6 LYMPH NODES 


In the course of the main lymphaUc vt**el* in certain repons, and 
usttaDy occurring In ^iriy well-defined groups, are compact bodies formed 
of lymphoid tissue snd called lymph oMOy or lymph glands The Utter 
term, which t* still in common usa^ is, however quite erroDcous since it 
unpliea secretory funcQons which tn^ do not possM 

Lymph node* are flattened, oval or roimded structure* with a smooth 
surface. In man they vary m diameter from a few rnfflimetres to as much ts 
on inrfi or so Commonly they arc somewhat bean ihapcij, vmh a hilum 
An efferent lymphatic reasd (imuDy single) leaves ^ hilum of each 
lymph node, while a number of afferent vo»^ carrying lymph mto the 
nodc^ enter it along the conve* border In these vessels the valves are 
disposed so u to diJ^ the lymph through the lymph node m a prtjnmal 
directJotL Normilly the lymph drained by aU lymphatic vessels from 
any part of the body passes through one or more lymph nodes in this 
way before h is finally collected mto the thoracic or right lymphatic duct 
and poured into the bbod stream. Lymph node* are e*pecia% numerous 
at the pitndmal ends of the hmbs, in the nedc, the pelvis, the mesentene* 
of the tbdomlnil vrsccra, the posterior abdominal wall, and the 
region of the thorax. A* we shall see, their precise location and the areas 
from which they receive lymphatic vessel* are of great cnportance from 
the cHnical point of view 


In structure, a lymph node consists essentially of masses of lymphocyte* 
enmeshed m a network of fine connective md enclosed altogether in 
afirm tmo^ capsule (Figt, 80 and 81) The capsule 11 formed of fibrous 
tissue in which there Is a cert^ amount of pWi miadc. The latter is 

M to tl>0 of e»x»i flri J„„, 
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ptrticuliriy evident m cgr t«l n munrrf It such u tbe cat, md it U probable 
tittt itB contraedem may bdp to accelerate the flow of lymph from the 
afferent to tbe efferent vetaeU. From tbe deep tapect of tbe *cpti 

of flbroui tiatne extend into tbe anfastance of tbe lymph nr>A*^ dindmg it 
into a ntnnber of loculated compartmenti, and, by apUtting up into 
and finer processes which coonect Qp with each other form a fine redcuhtm 
m the centre of the node which proridea a supporting framework for the 



So. IQuiUtUat tebemcdcdly tbe MWodal ■tiucture of tropb ood*. 

Tbe node k ki (GkaO t r i m wfjJcb trabccnlae poncAaW mlo it> 

ttance. la rekliao to c«p«uk and tna tnbcoijM >r« teen tbe Itdj^ dooM (^}’ 

(Id I II ill mI . Mif m (fZf-) TM ■KnwT' tw Hwi mMitU r.f Irtnpfe felHrif. Aocmit tyTOpw™ 

vcMck (di/) enter tbt nod* tkng ki co p t*» while an dhnaS tomI k*w at tfa* 

KOrtm- 7u c«)0« of tb* Dod* or madoIU (Af )b eccuT^ brmadnlkrrcanbofiTmpfaoU 
dMO*. 

lyropboid tuaoe. Tbe pcnpberal locnlJ which are separated br tbe mtin 
septa, and tbe ce n tr al reticahim, are filled with dense collections of 
Iytapbo<7tea. In tbe local! these foim itnmded and rather circmttscribed 
mas se s which arc termed ly m p f utd foUtcUt os m oAUr . They comprise tbe 
•o*caIled c or te x of the lymph node, the central tod comewl^ more 
diffote tissue co mp nnng the ‘medulla In the mcdalU the lymphocytes 
tend to be arranged m * nMj- n mrt*mg cords of ceOs. A clear-cut dltdnctioc 
between cortex and medulla, howerer is usuallf quite absent. 

Between the cortical lymphoid foUidea and tbe capsule with its septal 
are tones of cumpantbcly loose tmuc wmeh form a series of 
ty^h channels or w n m i Tbe larter send extensions fiom tbe cortex 
into the roednUi along the finer ramificahons of tbe main septa. They 
clcunately reach the hflum of the node, thus fonnlng a continuous series 
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of knknig up the tffercnt with the efferent lymph^c veMeb. 

The Ivmii liannd luin^dtetely under the opMk n temed 

wau Vid into It the ifferent lymphetic. open ifter pi^g tte aptule 
obhquely The lymph dnuieB «re bndgcil «croM by fine tnheaike of 
eonnecme tmue fibre, which we clothed by branched reticiil.r cell, with 
highly plwgocytic propertie.. Tbe«i celU .ppear to ^ contmuoM mth 
the endothelium of the lymphitic ve»cU entering and leaving the node 
They may thus be reorded as the endothelial lining of the lymph channels 
rrhich, m tht» vie^v form a closed syatem. 



Fio. 8 Seetkx) ihiuiyh artill 1701^ oode alxiDad with LatmaluAjPu and esaia. 
O t j t taud mtod the p en p b cfy of tba aoae tiw tcan a maber of choufar fcrminal emu ta 
(C^), entbedded hi tba doaa cortax. 'Ihe looaer tU a u a td tha medulla b uen In the 

ccQtn (AO- 'Tha capaob ot thb amaQ node la axtnsacfr thin. Macni&atian X 14. 

In the centre of each lymph nodule m the cortex the lymphoid tissue is 
more loosely arranged, fonmog, m stained sections, a rounded clear area. 
These cent^ areas are tetmed germ cmira for they are the rite of a very 
active formation of lymphocytes by the mitotic division of somewhat 
larger ccSs called lyrnp^biasts Surrounding each ge n n mal centre u a 
tone of young, newly formed lymphow^ The genn centres show a 
cydK rhythm of proUferattve activi^ They are absmt m the foetus, and 
also disappear m old age. Sometiinea there may be more than one germ 
centre m a foUide. The new lymphocyte* produced by this fot^ i i s i v r 
actinty m the germ centres find their way mto the lymph rbinTH.l« md 
so gam entry into the efferent lymphatic ve*sd of the node. It u believed 
by some autbontics, also that they may enter directly the blood capniaric* 
which vasculanxt the medulla. 

The funcUon of lymph node* and vessel* From their 
disposition. It IS dear that lymphatic veaieU are primarily absorbent in 
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fimctMsn. A» lirady noted, it h possible, undjar ccrtim ccmdihoot, for 
•bwjptioii of matcrud from the tiMue «ptce* to be earned out by the blood 
capiJlines. Tha they are able to do m virtue of the chfferMice between the 
oaniotic ptcaaure of the blood plaama and that of the tlsiae Sind, btit under 
condioona of intense tasue activity tfaia differeoce m asmotic pre asore h 
more than counterbalanced by the nse m 'bjdroitatic proaurc wit^ the 
dilated capdiinc*. Were it not for the lymphatic resa^ the ttsane* wrmid 



r 8 Micn^photoe ph I pomcm of arctwn throu^ lympfa node, «lnwtQ( ■ 
llTi ph mu (iJi end p*rr o/ n>c^Jull*rv«»rd(l/ ) A wmbe f lympoocrtc* (LT 
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tlicn hctonic hiici th e\uiUtc and a condition of oedema would rowlt- 
In adduion as alnrady dei^rtbed the hn phatic vcanch as the reault of 
the hjfih decree of kclett* e ahaorpt on sho«o by their lining cndothelnua 
-arc al !c more readih tJ remo c from the tissue spaces cohoid matcrul 
and part! uJjtc matenal ( uch a* ceHuiar cUbns and foreign lattcf) 

ITie n eienten l\n phat essela are particularly important for trans- 
porting fat hi h h3J been ahwiTbctS through the mtcvt naJ ucosa. It i* 
cit mated (hit f*o per ent f the fat abaorhed dtinng digest on is conveyed 
to the blood stream h\ av ot the thoraci duct In each of the tilous 
procc^'O I (he ull tc t ne there « a 'cnini hmj hatic vctael or 
Ja leal hi h laLe- up purl Ie» of fat from the auh-epithrJial nterstjfuj 
T he J tph4 H- 'M I J hi »m4l( f' me re metjmn caUr%i tacinU 

bet. u»e I •e*! I he be Cutitam m4k> fluJtJ 



LYl.nH NODES *35 

time. A proportion of the £»t may be transported into the himcn of 

the central lacteal hj phagocytic celk, though tha method of absorption 
IS probably of little importance,^ 

mam function of lymph nodes may be inferred from their micro- 
scopic anatomy to be the formation of lymphocytes. The significance of 
this acuvity a still m doubt, but, as rre have already noted (p ait) some 
hHtologirfts suppose that the lymphocytea, after reaching the blood strci^ 
may be conrej^ thereby to the bone maTTOw where they provide the 
bans for the differentiation of other types of white blood coipuscle, and 
perhaps of red blood corpuscles also (see p ajy) A collaborative assocu 
non between lymphoid tissue and bone marrow u suggested by the fact 
that m sub-mammalian vertebrates there a no real differentiation of 
lymphoid from mydtnd nasue. Only m mammals does lymphoid tasue 
become rather sharply separated from general hacroopoictic tisauea by the 
formation of t rrstm of discrete Ivmpn nodes, 

A secondary fmction. of the lymph nodes (and of extreme maportance 
dimcilly) u protective. They provide a senes of very closely me s h ed 
filters througn which the lymph must percolate before it reaches the 
thoraac duct and the blood stream. In ita slow passage through the 
mtneate labynnth of lymph tmusea m the nodes, anr deletenous matenal 
wfll be taken up by the phagocync reticular cells wmch hue the amuses. 
Thtis, dust paitidn which gam entnmee to the lungs in m h aled air ire 
caught up by the lymph nodes at the hEum of the lung and m Unm 
dw^en who hve m a smoke-laden atmosphere these no<^ soon become 
black with carbon deposit 

Laving nucro-orgaotams which gam entrance to tbe Ussuea mav also be 
filtered off in the same way by tM lymph nodes which dram the area. 
By thn mechamsm an infection u oflm localized to a considerable extent 
It may lead to an enlarged, tender and mflamed lymph node (lymph- 
adenitis) which perhaps bwomea the site of abscess formatioii, but it 
T Tunirmzr s tbeoMsibili^ of a general septicaemia which might result from 
the entrance of bactcru into the blood stream- In this connexion it should 
be noted that — as an individual anomaly — a lymphatic vessel may be short 
circuited past lymph nodes by direct anastomotic coimexiona between 
afferent and efferent vcsscla. It is thciefoie an exceptional poytiHEty that 
lymph can reach the thoraac duct and the blood stream witiHxrt passing 
through tbe usual filter apparatus of a lymph node. It mav be surmised 
that such an anatomical ranation posaibty forms the basu for tho se tragic 
acadenti m which a small septic scratch results m rapid septicaemia and 
death within a few houia. 

Some wnien have protested agamst tbe cmphaaia which is usually laid 
on the protecuve functions of the lymphatic vascular system and the 
lymph nod^ Far from guarding the body by lumting and localiifaig 
^ecuon, tl^ argue, the lymphatic vesseli pnmde dangerous 
for the rapid ipread of infectious materiiL But if it be granted that the 
vesieU provide a necessary mechamsm for the absorption under normal 
condmons of extrarascuUr protema and other matenal m the t ^^ ir tpaces, 
EL IL L«ch, TU rol* rf leucocTte* In £it tWptwo Jon. Ptyt f3 ,958 
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the value of the lymph nodes as fihets for dcmnng the lymph flow of 
naxkrtu matenil becomes qmte evident. 

In acute local mfccdons ^ the mbcctaneoua vetKli which dram 
the affected area may themtelvea be (lymphangitii), and become 

viaible aa a senes of red streaks In the >Hn e« (en dtng up tcrw da lymph 
nodes. TTua appearance drocnda on the fact that the endotfaellinn of me 
roTlrrttng trunn is permeanle to certam chemical auhstancea (produced 
in the Inflammatory proceti) which induce a local fayperaemia in the blood 
capHlanea immediately turroanding the v ea se i a. Lewis has thowh that 
adrenilm and histamln hjected mto the penpheral lymphatics can readily 
escape from the coHectmg vessels m this way 

It IS well known that lymphatic veaels provide routes fittilitsting the 
extension of c erta in types of malignant neoplaam from the primary focus. 
On reaching a hmph node the canceroca may be held up temporarily 
tbeir prohferaoon m the node then leada to the formation of secondaiy 
growtha. 

A conaideratioa of these facts serves to emphaaixe the importance to 
the cTmtggn of an accurate knowledge of the topographical anatoc^ of the 
various groups of lymph nodes in ^ body and of the preeise temtones 
whidb they ujain. In a parent with an enlarged and inflamed node, the 
primary focus of infectroo must be sought for in the appropriate areas, 
in the case pf the operative n e aun e nt of many ^ypes of cancer the surgeon 
u not content with the removal of the primary neoplasm, but be must aho 
exase , aa extenarrely as possible, the rympb nodes and vesaeb which ho- 
ipedtattly drain the cte of the growth in order to obnaxe, if he can, the 
subsequent appearance of a secondary growth. 


6 THE ANATOAfY OF LYMPH 

The fluid of lymph is a ptafT« Tciy shnnar to blood plasma, with 
similar protein s tod adta. The protem composition showa a certain degree 
of vanatwn depending on the part of the body from which it has been 
collected, and upon time actm^ In the thoracic duct, it usually cod- 
tains emultifled fat which is particularly evident after a nieal rich in fiiL 
The cefloiar content of lymph cocsista almost entirely of lymphocytes. 
These vary m number in the thoradc duct of man from 2,000 to 20,000 
per cubic mm. They are much more numerocs in the efferent than in the 
afferent veaieli of lymph nodes, and they can be considerably Increased by 
massage over groups of nodes.* Yoffey* has shown that In the dog the 
lymphocytic cont e nt of the thoradc doct tymph varies partly with age 
(being more numerous m younger animals) SM partly with hourly floctua- 
t i<w- On the average, how e ver over 200,000,000 lymphocyte! arc po u red 
into the blood Btrem erery hour enou^ to replace the entire lymphocytic 
content of blood twice dally Yet the lymphocytic confent of the blood 

F N KartMtDdM.E.FIaU.'TfascdlcaBliotofdof bnpb Amr ymn-nyM. 
^ Tofley fai lyiupboeytk) pfo Ju cdoo Jitn. AmA 70 >35-6. 



THE .ANATOMY OF LYMPH *17 

ramuB contttnt, ocept for iligtt hourly flumiUoni. In other -wor^ 

Womhocytes do not itnHia m the blood «traun for inort than iboot twclre 

honit on the irorge. The problem n. therefore, whet h»p[^ to them f 
Tt W been tuggeaSid thtt tnere i» a contmuoiu arcuhtion of tbeec cem, 
ind that thev pMB from bk»d c^iBane* into tistue apacea to be taken w 
once more the lymphatic vcaaela. Evidence baa now been preaenteo, 
bowcTcr vriuch cbowa that auda a circulation b relatively inaignificant. 
By counting the cefla m lymphatic vtaaela entermfi and leaving lympb nodca, 
YofFcv and Dnnker have concluded that out of every thirty lymphocytca 
entering the blood by trayof the lymph atrtam onty one has circulated back 
from the blood veaa^ The other twenty nine are new^ formed lyi^ho- 
cytea produced by tie proliferative activi^ of the genmnil centre* of the 


lymph nodea.' 

If It be true that, m the dog aoo ooo ooo lymphocytca are produced 
boQily by the activity of tymphoid tiaauca and poured into me blood 
ttream, it muit be preaumea that, in order to preaerve a balance, they are 
contmually being destroyed •omewhere, or become converted mto other 
types of cdL A luggeatkm that they are conveyed to the ilungitary canal, 
there to be discharged into the himen and destroyed, aeenta to be negatived 
frhft ii^h not finally dtaproved) by a ttudy of thie effect of removal of the 
mteatmal tract on the lymphocyte content of the blood.* We have already 
noted the poaalbdrty that lymphocytea may provide the baaU for the 
dabontiOQ m haemopoietic daaues ^ other ty^ of white corpuade (tee 

L ais) ^ conoeaion with this problem* obamahona made by Bloom* 
d suggerted that, in Oane cuhiirea, lympliiocytea can become directly 
transformed Into granular leucocytes and myelocytes and tmiilT evidence 
has been adduced to lupport the contention that lymphocytes may undergo 
a metaplsfUc tranafonnadon mto monocytes and macrophagea. This 
condutiOQ, however hu been cnUcued on the grounda thst the enhurea 
were not pure. Lcwit< found, on the contrary 3iat in cultom of lympb 
node tistue lymphocytea and monocytes arc always quite distinct m 
morphology and m dieir mode of Jocomotion, and be was never able to 


foQow the tranaformsuon one mto the other He condudea that they 
are probably independent strams of ceDa, Conumious djaerration of 
mdiddoal I^pbocytet m tranaparent chambers m the rabbit s car hare 
also OTonded no evidence that they change into other ccUi.* Yetrtrcmama 
poaaiblc that in the tpccul etnwnmental ctmdmona of bacinopotetic 
tiaaucs rich u bone mar row ludi transformatKma may occur 
Jordan* has argued that lymphoc^ serve as stem ceD* for the differen 
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tutum of erythrocyte* ^rbeji thCT tra lodged in the blood >maBes of the bone 
marrow In coHibomtion with Morttm,* bo iought for ■ final erocnmcntil 
proof of thi* by the ttodv of lympbocyw in uomed portion* of lymphanc 
ve»el», bnt the re»ult» of tfacae etadic* were not conciutnre. Within recent 
year*, the Txew that lymphocytee are ojnveyed by the blood to the booe 
marrow there to be co n ver t ed Into crythrobkat* and later intn red blood 
coipuaclca, •eems to be E»inVnp ^vonr It nnut be admitted that direct 
evidence for cuch a conception is atill kciin^ bnt numerical ttudie* of the 
cell content of blood and haemopoietic hare provided in&ect 

ro p port for it. For example, a ouanthatiye estimate of the cell populatioa 
of the bone m ar ro w and epieen in rxta ha* shown that this i* not snSdent 
by Itself to provide aH the red corposde* required by the blood. On the 
other hand, it i* estimated that the ae£cit could be m*^ up by the lympho- 
^e* under continuou* prodoctiOD m lymphoid riwcea, if it can be aaiirmeH 
tw these cell* are filtered off in the bone marrow where they become 
converted mto crythioblaatB. Studre* of the lymphocyte content of the 
bone m ar r o w m ndibit* hare tome further auppart to the fuggestkn 
that lymphocyte* leave the blood to «^tw the bone manuw i 

Oarly the potcntalidea of the lymphocyte remain a matter of dacu*- 
tion, and final proof ts adll lacking that they are embrrttmc edit cspsble 
of transformation mto other corpuscular dementi of blood, rather than 
■peoaliced end prodocta of ceOukr differcnlttticin with specific fimetiwis. 
It certain, h ow eve r that tymphocytes can become cemverted into 

pkama cells m the connective tiasoe, but ^ nature of these cells xs still m 
doubt th^ are generally regarded as degenente elements (see p 4a)> 
Bendes ^rmpbocytes, It is not uncommcai to find a red olo^ cor 
pusdes In lymph. Pamculariy a tha the case with lymph draining m- 
fiamed or congeated ttetues, and, as already mention ed, it may be the 
result of a direct leak^e from a blood capillary lying in i mmed i ate conta^ 
with a lymphatic ctpfllary Occasionally also pdymoiphoiradear leoco* 
cytes or macrophages are found. 

The lymph flow Some of the {MCton which deteemine and control 
the flow of lymph have already been mentirm^ Le. the masde tosue in the 
walk of lyi^hatK rewda and m the capsule of lymph nodes, the coo- 
tractile p rop ^ e* of the lymphstic endothelium (at least m some animals), 
and the capiUaiy blood pretsore. Other isctsn are general nmscukr 
activity i e *p i f stor y moTements, and artenal pukitfon. With regard to 
the first. It is cWr that intermittent cuntiactian of miwcic* will compress 
lymphatics in the neighbourhood and thus aerve to propel the lymph in 
the direction determined by the valves in the Tcssels. It hu been obeerved 
that the lymph flow from an immobile hmh m an ammal k practi^Ily 
negligible, but it becomes very active as soon ss the Dmb k moved. Thu*, 
if a mnb k completely immohillred (c.g in a plaster of Pans casing) its 

H. E. Jwdan and C. B. Btlortoa. A Mudy ot the effect ct ci^ihiaiital «tMi» k 
on tfaa li iu | jlif. i la niftt* J wmr J m/u, AmmL il 9^7 

J E. Kbchvd. A <| iMn t iaih a ctady of tbm lawrayrierin ocititt et nta lUd. 
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IvmphitJC dnmigc can be tlmort entirely arroted and the ab^tion of 
raxic mateml thereby prerentei This ptoccduie u frequently in 

the treatment of tcptic wotmda and it certainly ktsena the pc»ibiLty of 
an tniumg toxaemia.* The effect of artenal milaation on the lymphatic 
arcnlatiori generally must be rclativeJy amaH, but there ia no doubt tha% 
where an artery and a lymphatic vetael lie in nninediate relationship to each 
other it mfiuencea the lymph flow locaDy to aotne extent. R eapira tory 
movements play a coniidcrable part m propelling the lymph from the 
abdominal part of the thoracic duct to iti liiormcic part, wh^e the negative 
pretaure in the great vemi at the base of the neck determmea the flow of 
the lymph Into them from the terminal part of the thoraac and right 
lymphatic ducta. 


7 GROWTH AND REPAIR OF LYMPHATIC VESSELS 

The capacity of lymphatic vessels for rc^enciatioa has been abundantly 
by mrect observation on Imng vessels In mammals and 
lower vertebratea (CUrk and (Hark) Their narked proliferation In asso- 
ciation with Inflammatory chanra haa also been recently observed and 
recorded by mlcro-injectian of me vessels in mice.* This proliferation u 
dearly an adaptive response to cope with the accumulation of fluid and 
meta^btes in the tistue spaces renting ^om mcreased cellular activity 
and hypcraemia. 

Direct observation of Irvmg reaseis m transparent ch a mb era m rabbits 
eara* shows that, in the prognsssrve vascularization of newly formed tissue, 
Imphatic vessels grow m Utcr than blood vessels, and they are always 
formed by the direct extension of pre-enstmg vessels From the latter 
•prouta grow out by the mrtotic divinon of the endothelial ccUa. These 
sprouts are at first sobd but the lumen soon extendi mto They 

branch and anastomose with each other and though they show a tendency 
to take up a position alongside blood vessels (where the connective tissue 
u looser) they show no affinity at all for the endotbdium of the blood 
vascular system- The vascular pattern of growing lymphatict is determined 
to a considcriblc extent by the arrangement of the connective titsuc m 
which they he. Where this tissue ts dense, the extension of the vessels is 
limited or impeded. This observation u consistent with the established 
fact that, whOT much scar tissue u formed at the aite of an injury the 
rt-estabbshment of bteriupted lymphatic drainage paths is considcnbly 
delayed. ^ 

The rapidity with which intcrroptcd lymphatic paths can be re-cstab- 
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liahed onder ^vonrablo conditioos of Kai been r»ti^ by 

Radwit.' In his expen men t> all the ttnues of the hmd-Iimb m a dog 
were completely tranaected with the exception of the main artery and vem 
and the femur Thla operation u foUovi^ by a tianaient oedema of the 
limb but In four dayi the lymphatic fhanpel* bo repaired and effiaeot 
lymph drainage catab liahed. & £ir aa the regenentioD of new lymphatic 
c ha^cta hat been studied up to the preaent, thla proceaa a e ema to be 
1 muted to the formatioo of capillary T taaela . The rgg c er atlon of larger 
vessels with vahra haa not bem directly obterved. TTie regcncratkm of 
cutaneoua lymphatKa m tbe rabbit haa been recently studied by Gray* 
Lymphatic vesiKla were interrupted by a aHn ingainn , and theu anb^ 
(^ent growth foUowod by radio^phlc gramlnttnn afts thorotraat idm 
tion. CapUltry anaatoiaosea acroa tbe hne of the Inanon were cstabHahed 
after thiM Tranapkntatian of short kngtha of lynmhitlc tcmcIb 

wu also performed tucceefully with the ettabuabmait of their normal 
fonctiOQS at conducting channela. 

Lymph oodea ahow a partial r eg en erativB ca^mcity That u to toy if 
the g r e ater part of a node a the r gmaimog T rag men t can form the 

bam for ita rcconstmcdon to the original ilze. If bowerer tbe node It 
entirely reroored, it u not replaced by tbe development of a new node.* 


8 THB SPLEEN 

The spleen compriaea the largest (dn^ msss of lymphoid tisftie in tbe 
human body The mom substance of thla co^an a a red pulp connating 
of a rich plexus of renoiu dnusea embedded m a looae mwwock of con- 
nective tusoe. Tbe meahwock contains abundant red corpuscles, white 
corpuscles, monocytes (sometinies caSed^JfmxyUt) and large pbaaocyttc 
ri*rt< of tbe redculo-eodotbehal ^«tem> Toe latter can occaakoally M seen 
In mkroscopicil prepaiatioiii ingesthig and destroying fragmentarr and 
ciparently <^ete red corpuscles. PeneUatlng the red pdp are branches of 
the splenic artery the f midMl ramificaticioa of which are enaheatbed In 
giobular masses of lymphocytes. These are rimlltf m tfaqr atroc- 

ture to lymph foIUdea ebewhere, and in fSe spleen they are termed 
Melptghum corposcUs They tie formed by the infiltration of tbe peri 
vascular reticulum and tbe tunica adventitia of tbe veasel wall with lym- 
phocytes. 

The Malpighian coipuaclca may contain germ centrea which are tbe nte 
of ac ti ve production of lymphocytes the latter zrugrate Into the turround- 
rng red pulp, eventually finding tbetr way Into tbe venoua rintaes. Hence 
the blood leaving the spleen bv way of ^ found to co o tain 

more lymphocytes than the spWnic artery llie tplenlc blood b abo com* 
pamtn^y rich In macrophage celb wiaih are derh^ from tbe cndotbelmm 
fini^ tbe tinaaoidal reaaeb. There am no lymphatic vesseb in tbe spleen 

F K, Tt^te nmllnn of Ipnp h l fc* ArA. St^ II 191^. 
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THE SPLEEN 

(though they h*vc bten demonrtnUed m iu fibnna CAptM The ipleen 
iS to % lymph node in that it tids m the pnxUictioa of lymphocyte* 
bmthi»»pcrh*p»onlymcideiit*ltoit*od»erfanctjon» wchtstticatady 

for remcfvmg foreign inatterm the Wood by mom* ofitireticultr cell*. It 

bju b*»<-n mention^ «bovc that red cor^uicle* toty icnietiine* be teen to 
bo in p r o ccM of du m t e g r attan m the rcdcoltr celk. Thhi ha* given n*e to 
the idea th*t the *pleen u mainly concerned with the dcatruction of red 
corpuade* Probabfy however tht* only occur* to my lig mfi can t extent 
in pathological conilition*, for there i« good cndence that notmaliy the 
•plecn 15 actually co n cerned with prolonging the life of the corpuade* by 
providing tb * TO with temporary thelter from certain ionic change* to which 
they arc exposed in the atcuSatioo.* 

Another important function which can be aacribed to the *plccn, on the 
bi^ofBarcr^*atudiet,lathatofatonngblood.» 'Whcnnecesaaryrtcan, 
by virtue of the plain muscle m it* capsoJe, expel iti contents mto the 
circulatiatu Tha occora dunog hacmorrt»ge and alio during excrciae, and 
the reaction ha* been shown to tike plice m a rarefied atmoaphere, 
e g at high altitudes. Hie spleen tlm* play* an Important part m orcula 
tmgfunctiotitlhaeiaoglobmaccordingtotlte&eedaofthebc^ InrdAtion 
to this, Btrcroft and 1^ colleagues have ahown that the size of the connal 
spleen after death t* much nxuUer than it u during kfe.* 


9 HAEBdAL NODES 

He pr oe ctce of hamal node* in the homan body is doubtful, and even 
in matnmais in which they do occur eg sbeep it i* uncertain whether 
they are always datmet ennties rather thm transformed lymphatic node*.* 
They are composed mamly of lymphoid tmuo Intermixed with which 
are oumerou* red corpuscle* re*etW>!e the spleen m tbear gcneia] 

cellular matrix and m thnr arrangement of venou* aixruae* and they 
are devoid of afferent and eff er ent lymphatic rexsels.^ 

Hatwtoiyinph nodes have also been described, with a structure tomewdiat 
mtcrmcdiato between lymph node* and baemal node*. These, however 
cosy represent transitional stsra in the traatfonnation of lymph nodea 
mto haemal node*, inwdvmg ^ gradual dmppearance of the lymphatic 
ve**a* which arc ongmally connected with them. It should be noted that 
m typical lymph node* red corpuscle* may occaaloaslly be found In the 
lymph smoses 


10 THE EPITHELIO LYMPHOID SYSTEM 

De^-doped m mtirrute relation with the epithelial hmng of the ahmentarv 
trset are accumulatwn* of lymphoid tissue in some cases forming rather 
ProJWMttdWQfrtdedJUf bTtb««pJ«o jmen. F1rra*L 9S 

8d«iurf», U*»Bte!TOfiWrt«n Ax, 21, ,„x 
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Gibed onder ^Toorable condhtom of beaJbg hu been danonstrited bj 
Rocbcft* In hu experimenti all the tissues of the hiod-Gmb in a do^ 
were completely tranaected with the exception of the mam iiteiy and rem 
and the femur This operstioo b foGcn^ by a transient oed^^ of the 
limb but in four days the lymphatic channeli may be repaired and effioent 
lymph draxnaee eatabllihed. & far aa the r eg en er a tion of new lymphadc 
channels has oeen studied np to tbe present, this p r o cess seems to be 
hrmted to the formation of capQlaiy Ttssels. Tbe regenentkin of larger 
vessels with ralres has not bea dnectly observed. Tbe r egeoeratioa of 
cutaneous lymphadcs in tbe rabbit has been lecenUy studi^ bv Graj> 
Lymphatic vessels were Interrupted by a sHn incisi^ and their sob^ 
<^uent growt h followed by radio^phk ex a min a t ion aft» tfaorotmt Injec 
tion. upniary anastomoses across tbe Gne of the mcman were estsbhihed 
after thrw wedcs. TranspUntsdon of short lengths of lynmhztic res se fa 
was also performed roccessfolly with tbe establishment of their normal 
functions u conducting channels. 

Lymph nodes show a partia] r eg en et aliv e capacity That is to say if 
tbe gre ater part of a node is exdsed the rrmarmng fragment can form the 
basis for its r econ stn icdon to tho onguul sixe. If, bmrrrer tbe node is 
entirely removed, it is not replaced by tbe development of a new rxide.* 


8 THE SPLEEN 

Tbe spleen comprises tbe largest single mass of lymphad tissue m the 
human body Tbe mrn substance of this organ is a rvi pulp cocsntuig 
of a nch plexus of venous amuses emh ftdffed to a loose mrahwork of cod- 
necUve tzasue. The mesh w or k cootsms ibundsnt red corpusdes, white 
coTpusdes, monoc yte s (sometimes caHedfOlraMTfer), and large phttoqmc 
of tbe reticulo-endothehal system. The latter can occsn o ca lly Se seen 
in micitiscoptcsl ptreparatiotis mgestmg and destrovuig fragmerUair ind 
spparentlT ^ete red corpusdes. Pe oetrati ng the red pulp are branches of 
the splenic artery tbe tennmsl ramlGcadoos of whkm are ensbeatbed in 
gioboltr masses of l ymp hocy te s. These masses sie srmilsr in tbeir stroc 
ture to lymph fdlidca elsewhere, and in spleen they are termed 
MaiptgkxMJi arpmcits They are formed by the mfiltration of tbe pen- 
vainilar rencolum and tbe tumca adrentitia of the vessel wall with xym- 
pbocytes. 

Tbe blalpighlin corpuscles may mntaln germ centres winch are tbe arte 
of actire production of lympho c y t es the latter migrate mto tbe surround 
mg red pulp, eventually finding tbeir wsy into tbe v eo atts smnsci. Hence 
tbe blood lexrmg tbe spleen by wsy of tbe spfemc vem ts ibond to contain 
more lymphocytes tG*n tbe spienic a r t er y Tbe splenic blood u also com- 
ptTtttrdy rich In macrophage which are dem^ from tbe endothcHcm 
Imjw tbe sinusoidal vessels. 111610 are no lymphatic vessels m tbe spleen 
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(thwgfa they htve bt*n dfimoQstriied m Its fibres The tpleen 

u to a lymph node m that it aid» m the production of l3rmpho<yt« 
but ♦V't* a peibap* only uiQdHi.tai to ita other TOac&cm»> *uch.a» it* etpaa^ 
for removfflg foreign matter m the blood by rneaim of it» rcticulir cclia. It 
haa been mentioned above that red cotpnadca may aometimes be seen to 
be m procca* of domtegration m the renodar cella- This has given n*e to 
the 1^ that the aplcen ta natiniy concerned vnth the deatruction of red 
corpuada Probably bawerer thu only occora to any aagnificant extent 
m pathological condmona, for there » good evidence that normally the 
•pleca a tcttially coneerned with prolonging the fife of the corpuadea by 
providing tl«in mth temporary thdter from certain ionic changes to which 
they are expoaed m the arcalanoa.' 

Another important function which can be aacrihed to the apleen, on the 
ba«aofBarcroftittudiea,ath«ofatonngbiood.» WhenMceaaaryrtcaii, 
by virtue of the pkm muacle m its capRile, expel ua contents mto the 
circulation. This occurs during haemorrhage and also during exercise, and 
the reaction has been shown to take place in a rarefied atmosphere, 
e.g at high ahitudea. The spleen thus plays an important part m orcalt 
ting ftmctiODal haemoj^obm according to the needa of the bendy Inrelatjon 
to this, Barcroft and ^ coEeagues have ahewn that the aixe of the normal 
spleen after death is much amaller than it is during hfe.> 


9 HAEMAL NODES 

The pr e se nce of haemal nodes in the human body is doubtful, and even 
m marmnals m which they do occur c.g sheep it u uncertain whether 
they arc always distinct entities rather il^ tranafonned lymphatic nodea.+ 
TV^ are composed mamiy of lymphoid tsssoc mtermixed ivith which 
arc numerous red corpuscles. They resemble the aplcen m their general 
cellular matrix and m their arrangement of venous and they 

are devoid of 18*07011 and efferent t^pha&c vcaaeli. 

Hatmatymph nodes have also been described, with a stractare aomewhat 
mtermedialc between lymph nodes and hien^ nodes. These, ho wev er 
may represent tranaitional at™ m the transformation of lymph node* 
mto haemal nodes mvolvmg the gradual disappearance of the lymphatic 
vessels which are originally connected wrth them. It ihould be noted that 
m tymcal lymph nodes corpuscles may occasionally be found m the 
lymph imi»ea. 


10 THE EPITHELlO-Ly^tPHOID SYSTEM 

Developed m mUmaie relation with the epithelial hmng of the ahmentarv 
tract are accumulaucms of lymphoid tmue, m some cases forming rather 
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larm arcumscribed mute*, and tn othen appearing at scattered tolhtiy 

folTldc*, Thu lymphoid tmue is represented by the poktine ton*3i, the 

pharyngeal tonsil* (adenoid*) the tnymtu, arcmnscribcd agg r eg at io n* of 

lymph follicles hi the lower part of the tmall intestine ( T ey er ** patches), and 

lymphoid follicles In the mucous membrane of the appendoc and luge 

intestine. 

Tbe significance of this epltbeho^ympboid s ystem u a matter of coo 
jecture. It is mostly compo«d of lympn foUida Khnltar to tb»c fcamd 
m the cortex of lymph node* often containing gcnmnal centre*. There 
u evidence that, in many cases, tbe lymphocytes from these follicks resdb 
the epithelial surf^ with which th^ are in relation, and there undergo 
destruction, though it is poaaibte that a certain proportion gain cntzince 
to lymphatic venels and so add to tbe lymphocyte production of the 
lymph nodes. Those that push thdr way through the oreriying cprtheEum 
have been supposed to pky some part in the protection of the tissue* from 
bacterial mvmon. Thu k tbe rde which has been commonly ascribed to 
the lymphoid mimrs which guard tbe entrance from the mouth canty 
to the alimentary tract (e.g t^ palatine tonsfls) However it has been 
pomted out that the phagocytic actmtiet aasocuted with lymphoid tosoe 
are not earned out by tbe lymnho^tc* but by tbe reticulo-endotbelial celli 
which help to form the reticulum In which the lymphocyte* arc entangled. 
Expenmental observation* u two IntGcate that lymphocyte* probably^ 
not normally act u ptugocytes, or only to a very llmit« otesL It has 
been found, for Instance, that if mmnte cmzntiw of d ifferea t foreign 
substances are Injected into tbe actnvaacular tissues of a tadpole * 
while poIymorphOTuclear leucocyte* are actiTcly phagocytic toward* iH of 
them, lymphocytes show no postive response.’ 

The lymphocytes of the ephhcUo-lympbojd system appear morpho- 
logical to be identical with thoM of the lymph node systo n. But the 
pouibllitT that they are not physiologically emnralent k su gg e st ed by the 
fact tbst m certam pothologi^ affec^na of the lymphatic aystem, lym^ 
nodes may be extensively affected while the lymphoKl tuaue of the 
ephheho-lyinphoid system u not m Totred st ^ Tbe origm of the 
lyinpbocytes in the lahsr u still in dkpute. Some sutbonties beheve tbst 
they are prrmsrily produced ckewbeae (e.t m the lymph nodes) *nd 
migrate to take up their poctioa in the will of tbe alimaitary tract. In 
thk coimcxiQn the bbaerratioo of T T Lewis may be noted, tiiat m the 
devdopment of the human embivo lymph nodes are driTin- w n hti»d before 
there appears to be any true lymphoia tiame ekewbere in the body • More 
recent anatomical studies suggest that the lymphocytes are differentiated 
fr om mesenchymal celk locsik 

Tbe development of ephh^o-lymphoid bodies a preceded by s local, 
characteristic proliferstioo of tbe neighbouring cntodermal cell*. 'Ibese 
invade the supuusnt tusoe m s remarkable way, becoming mtnnatdy 
mtenningled with mesod er mal cells, with no basement membome to form 

£. R. E. L. Qdk. end R. O R«x, OtaamtJbo* oo potymopboCTykw 
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* limiting boondiry The pnx»s a »»oaated with » ratrked proUfcrtoon 
of the mcxodcnnil cell*, wd lymphoid ti»»uc ectxully *ppcar» fir»t m 
immediate relaHon to the colnmni of mvmdmg cntodernul celli It thu» 
appear* prohihle that the Utter by tome procett of mducdon, bring tbout 
a Uxsd differcntiauon of lymphocytes from undifferen t iated connective 
tmuc cells.* ThU at least, scema to be the bam for the development of 
the toimi and the thymua. The tonsfl is developed in reJaaon to the 
pharyngeal entoderm Ita abaence m certim m a mm aU {c g rodent*) 
suggeata that it t* not a morpbolomcal entity neceaaarily awonated with 
a local remon of the branchial anm lyatem fas, for mattnee, la the case 
wrth the myrotd gUnd) but the result of the local metabolic influence* of 
the entoderm.* 

AUo developed m relation to the pharyngeal entoderm, but m tht* cue 
formed from biUtcral diverticuU aaioaated with the third pharyngeal 
pwuie*, i* the thymoa. Whether it ahould be grouped with endomne 
organa rather than wids tbc lymphatic system » itill not clear The work 
by Rowntree and oihera* luggetted that the thymoa cUboratea some 
specific hormone which pU3r* a part m regulating the growth of the body as 
a whole but their coocluaiocia have not fci teoeaved confirmation 'Hiat 
the thymoa haa other than lymphoid fimction* is mdicatcd by the fact that 
U rttBy contain* two datmet types of uaaue — lymphoid and epithelial. 
The lymphoid tune forma the cortex of the gland and coousta of densely 
pa^ed lymphocytes, but, unlike a lymph cod^ there are no lymph kmuses 
or germinal centre*. It appears ther^ore that, at least after both the 
thymxu la not cortcmied with lymphocytic produetKnu Some author* 
pnffer to call the cells in the tbrmut thymocytes maintaintng that they are 
really distinct from true l)*mphocytet. However Manmorr has pointed 
out that they are quite itmilar m their morpboJo^ tbor reaction after 
exposure to X rayt, and their serological behaviour Their e]«rm« to 
distinction have rested mainly on the sup po si tion that they are directly 
derived from the cntodcnnal epithelium and not — u la evidently the ygy 
with true lymphocyte* — from mesodermal tusue. The consensu* of opimon 
now is that the thymocytes are also mesodermal m ongin. 

In the medulla of the thymus, and also m tbc cortex (though here they 
ore lest conspicuous), are flattened, branching reticular c^ charstitnsuc 
of the thymus. They appear at first tight to be ordmary connective tiuue 
element*, but they have bc*n thown definitely to be derived from the 
pharyngeal entoderm. They have an obviously epithchal character m the 
embryo, and, if the oeighbounng lymphocytes arc destroyed by X ray 
therapy m the adult, they lose tbar reticulo^dothclisi appearance and 

once rnore assume the character* and disposition of epithelial cells. More 

over unhke the connecave mine ceiU which they reacmblc, they do not 


Tb* powb^ty th»t tb* }y*rtpiiiocyte* nuy b« product froen tatodemml 
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take up and itore Vital dye* such o tiyptn bloc. If the endoenne ftmcbom 
ttsdmed to the thymus should bo subitinturted, the injtnmlrwl substratom 
of these activities is probably to be found fai the rttiailir 
It has been known for many yean that the thymus reaches its maximal 
development and differentiation at puberty Thereafter it undcrpia • 
involution. While at puberty m man the gland weigb s about 40 g nnimn, 
in old age It shrinks to a quarter this site. Such age f Ka n g f* suggest 
a relation between thymus activity and gro wth pr air w* . 


11 THE DEVELOPMENT OF THE LYMPHATIC SYSTEM 

The eariiest developmeat of the lymph vascular system cousots m the 
fonnatioQ of a senes u lymph tads (Fig 83 ). There are fire of these, and 
they all appear m dose reUtiOttshlp to lar^ veins. Two jugular sacs are 
formed alongside the internal jugottr veios, two postenor sacs by the Qiac 
vans, and one unpaired sac on the posterior abaominal wall, thie d stemi 
chyli. In msmmils, only the c aten a cfayll retains la saccular dar aclg 
and even this may uldma^y disappear InmostsubmammtlianTertebrxta 
(e.g amphibia and reptiles) the jugular and postenor sacs penat and« bj 
acquiring plain muscle tissoe in thar walls, become tpecaJaed to foma 
contpicoous pulsatile structure*— the so-called lymph hearts— which pity 
an Important part in promoting the lymph drcmlation by propelliDg the 
lymph into adjacent rema. It may be surmised that, with the development 
of tne dnphnigm In mammals, and the aid consequently given to the 
lymph flow W respiratory movemeots, these lymph hearts are no longer 
necessary The correspaadmg lymph sacs in m mammalian embryo are 
the site of formation of g roups of lymph nodes and beo u ne broken up 
mto networks of lymphatic venels. 

The precise orl^ of the lymph sacs and of lymphatic vessels m the 
embryo is still m doubt. The opinion was widely held at one time that 
the lymphatic endotbeliam arises oi aim from the dlfferc pta tioo of mesen 
chymal cells, and that l ymp h sacs and lymphatic vessels are formed by the 
confloence of extra intimal conaec ti T e dwue spaces m dose rekdoD to 
tbe developing rdna. On this new mrnmimlf-atjrrrK bu,H e uu the b™ 
phatk system and veins are formed secondarily This conception was 
b frf^ on tbe study of stained tecriooa. It has bem cogently argued, how- 
ever that such a method is open to fdlsrw seeing that h u not only 
extremely difiEcoh to detect the flner lymphatic veoek in sections, but 
irtificial shrinkage spaces may be mistaken jfbr them. 

MIcrtHiqjcctian of embryos has led to the rofichttion riit lymph sacs 
and vessels are m direct coccmnmication with vans from tbw carhest 
appearance, and tins technique has provided the main fbundttmn for tbe 
be^^ the endotbelial lining of the lymph vaacukr syilem it mxtiany 
derived by a direct buddmg-out of TOioui endotbelnim. On this view the 
lymph ssci are devekped at drvcrdaila feom the veant m their neighbour 
hood. Their conncuoQt with these vans all usually disappear except those 
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tt leait after the formation of the Ijmph laci and the num lymphatic 
veoeU, this endothelium acquire* t morphological tpeerfiaty and hence- 
forth til new Te**el* are denwi by a direct extttirion of the ilreody C3d*ticg 
vetteli. Thit bat been thown to definitely the cate with the new fonnt- 
tioo of lymphitic vettelt in po«t natal life by dark and QarL New 
lymphatic capfllariet arc denv^ from the prohfemtion of the endothelial 
cellt of older reneli and are never formed a sils by the dlfierentutioQ 
of connective tiaaue cclla. 

Lymph nodes develop In the coune of lymphatic veateh already formed 
end, m the human embryo, are firot seen at tbe 40 mm. ttage. At the ute 
of a developing node, tbe lymphadc veatels take on a nch plenform 
arrangement of ainutea. In the IntcratKCS of thii methwork a proHferttkii 
of mesenchyiDe occur* with the dlfierenuauon of lymphocjles frean its 
celiular dementi. Localized acnnnalatioaa of lymphocytes bolgemto the 
lumen of the lymph emutea, mvagiootiDg the lining endothelium. In this 
manner a compart solid body la produced, the aurrounding co nn e fti T e 
tiatue becoming condensed to form a ca{»ule. Tbe lymphatic vcskIs 
entering and leaving the primary network become the afferent and efferent 
veaselt of tbe node, while tbe endothelial Ilnmg of the pleziform sinuses 
appears to form the retlcuio-endothelul lining of the lymph channds m 
the fully developed node. Except po«ibly for a short tune after buth, h » 
doubtful whetlm new lymph noda are formed In post natal life. 


13 THE LYMPHATIC SYSTEM IN BRIEF 
Tbe evidence reviewed in tbe foregoing pages shows that the lymphatic 
vascular system is easenttally ■ dosed systeui of csdotbehol channels cod- 
cemed mainly with tbe absorption of colloid and pordcnlstB material 
from tbe tisaue spaces. Lymphoid tissue consists essentially of masses of 
lymphocytes entangled m fine reticular tissue and closely associated with 
phagocytic cells of the redcolo-endodielial or macrophage system. Lym- 
phocyte* are produced m large number* by the prolderative activity which 
occur* m lymph foThdes, and are poured mto the blood str e am . It remain* 
what happeni to these lympbontes, or what their si g nifi c an ce 
la. Pombty they are conveyed to haemopoletic tusuea in tbe bone mamAr 
where they pnrride the bara for tbe differentiation of other types of white 
corpuscle and of red corpuscle* also There seems to be zneretamg 
emamce m la voor of rhf posaibilitr at least so far as the genesis of red 
blood corpusdes is co n ceirTicd. Only a «tmT 1 proportion of lymphocytes 
femsin m cootinaoua drculattaci, paaoing from the blood cajiiDanrs mto 
tbe f spaces of the caoneetTve tissue and being taken up igam 

by lymidiatic capillane*. 
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It has been suggested that the lymphatic drainage system appeared 
earhtr m crolutionary dcvdmnuent ana u therefore more primitire than 
the blood ^■ascular »}itcm. This conception hoirever b not home out by 
cotnpariuve anatonucal itudie*. Nor b it consonant wth the fact that tlw 
lymphatk arculatJon fa ph«lologicaHy dependent on the blood drculalton 
or tnat, cmbr^olockally Jymplatic vessA arc pnmanly developed os a 
senes of outgrowths from vans. 
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tt leatt after the fonnttioQ of the lymph and the m*in lymphatic 
Tcsaelt, this endothelium tcqtilret a raoipbologlcil tpecifiaty ai^ hence- 
forth all new veaads are dcnv^ by a direct extension of the alroxly exatmg 
Teasels. This has been shown to be definitely the case with the new fonna- 
tion of lymphatic vessels In post natal life try Clark and Clark. New 
lymphatic capHknes are derivra from the proliferation of the endothelial 
cells of older vessels and are nercr formed n nhi by the differentia hm 
of connectlTe tisane cells. 

Lymph nodes develop In the coune of lymphatic vessels already formed 
and, In the human embryo are first seen at tne 40 mm. stage. At the site 
of a dereloping node, the lymphatic vessels take on a nch plexiform 
arrangement of tinusea. In the mterstices of tha meahwork a pn^eration 
of mesenchyme occurs whh the diffcrentlition of lymphocytes from its 
r^liiTir elements, Locihxed of lymphocytes bulge into the 

lumen of the lymph mvaginating the 1?Ti»og In this 

manner a compta solid body Is produced, the surrounding connectiTe 
tissne becoming condensed to form a capsnle. The lymphatic vessels 
entering and leaving the primary netwodc become the afferent and efferent 
Te»eli of the node, while the endothdlal lining of the plenform amuses 
appears to fonn the redculo-endothelial lining of the l^ph channrl a m 
the fully devaoped node. Except possibh for a short tone after birth, it » 
doubtfd whether new lymph noda are fonned in post natal life. 


12 THE LYMPHATIC B YBT EM IN BRIEF 
The evidence reviewed in the foregoing pages ihows thai: the ly mph a ti c 
Ttscnlar system a easentlallj a dosed syst^ of endothelial '*^**"^^* coo- 
cemed nsdniy with the absorption of colloid and particulate material 
from the tusue tpaceL Lymphoid tusce consists caeoitiany of msaes of 
IjmpluxTtes entangled in fine reticular tissue and dosely nsoented with 
pha^peytK cells of the retfculo-endotbellal or m s uo pba^ syitcm. Lym* 
phocytes are produced m large numbers by the proIHvativc actmty which 
occurs m lymph folhdea, and are poured mto the blood stream. It remams 
whst happens to these lymphocytes, or what their significance 
IS. Posdbly they are conveyed to hiemopoietic tasoes in the bone marrow 
where they pnmdo the bssts for the dirorentiation of other types of white 
corpusde s^ of red corpuscles also Tliere scans to be mcressinx 
evidence m favour of this poaslbili^ at least so far as the genesa of red 
blood corpuscles a conc er iied. Only a small propordon of lymphocytes 
femain m continuous dreaktian, piassiDg fr om the blood ccnilarles into 
the extravascnlar spaces of the cnnntxtiTe tissae snd bang taVi-in op again 
by lymphatic capillanea. 
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MUCOUS MEAIBRANES AND GLANDS 
of the ejnbijo tad tn internal lajtr (eatodcnn) vrhicfa hnct a primitive 
aknmttry canty It u from the entoderm that mort of the Imlng racm 
hnue of the ahuteitiry tract and it* dcnmtivt* m the adoh a formed. 
In itktjon to rta a bso r ptive propextic* thu mcmbmie u rcUtrrely thin 
vncalar and because of tti moist surface js conanonly called mtioats 
ffoAraiu The term is perhap* open to cnoasm wnce, although many 
type* of mucoua mcmhnDe cont aia actoal mucus producing cells and 
gbnds, and are normally covered "with a thin film of mucou* iccretion, 
other* are qmte devoid of these structure* 

Mucous membrane* art not entirely of tntodennal origin. The mucous 
membrane Imnig the rfcat cant^ the mouth, and the aw canal is partly 
denred from ectodermal epitfceUum, tiluch tuna m here from the surface, 
■while the lining of otamderablc pans of the uro-gemtal tract a diffcren 
tiated from mesodermal *«««■ , TlLere appear* to ^ no enentially specific 
rektion between the vanoos mcrphologica! types of mucous mctiabnuie 
and the germinal layers from which they arc denved m the embryo, so that 
it IS not possible to infer the emhtyoh^cal ongm of an epithelium simply 
by reference to its morphological rfauaewr m the adult There i* reason 
to suppose, indeed, that m eome ca*e», c.^ the mocous membrane hning 
certain part* of genital tract, an qyiAeinnn may have a different 
<i*vdoptttart*l ongm in defferent apeae* of mammals- 


1 THE EPITHELIUM OF MUCOUS MEiEBRANES 

In die early embryo the whole length of the ahmentary tract a hned by 
a funple epitbdmm consisting of a *mgl« kyer of caboidal or columnar 
Where processes of abwrption predominate m the adult this type 
of eptthebum persisti rektively uttaltered. for jt forms a thm cellular L^er 
tbroogh vrhi<h mattnai can readily pass m order to reach blood vessels m 
w sob-epithehal tissae*. In other regions the rwfmrementa of mechanical 
are met by the devrinpioent of a many-layered epttheltum m 
whkh the cell* arranged m a stratified formation. 

A recogmtion of the different type* of epxthclmm covering mucooa 
®®°hraaei « not only naportaat for a conndcrttion of their mnctioaal 
rapUcatiofts but also from the chmco-pathological pomt of nerr since 
™c cytological chaxactenstica of new growths (or neophanu) which may 
arise m tiuan are deteronned by the oatiire of the f^n* of which they art 
Wc may now briefly review these type* of epitbdnim. 
oimple^lomnar epitbeliiiii} (Fig S^a) in thu type, winch is msU 
rcprocD^ by the tntestmsi mucous membrane, the epithelium » com 
Pjw of a ssnglc hyer of cdtntinar cell*. A* might be antiapatcd on 
grounds, each ccH, as the resuh of mutual pressure, u tppnai 
ratty hexagonal m crct*-*ecGan, *o that they fit together side by side, 
P~d m a honeycomb momc. The cell base rests on a thm 
of ddicaie connective t»tvo— the baiemcat mcmbrane—which 
a •Qpportmg matrix and »epaiate* the tpithehum from the 
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r 'i malticellultr organisms of tlie simplest type tbe surfux cpitheTal 
layer of celli iou multi&rlooa fimctioni to {^orm. Not only does it 
p r o vi de a mechanically protective cuticle, and a sensory m&ce throogh 
which the or gan ism re ed re s sensory I mpr e asi oni from the envirocmect, 
but it is also concerned with metatx^ p ro cess e s of nutrition sod resdra- 
don and must therefore allow for absorption of nutntrre material from 
without, for ei cre d oo of waste ^irDducts, and for gaseons interchange. 

In more complaa trpes of annual these functions become sDoc ste d to 
different tracts of eprmelium. A portion of the snrfacti Ir^er bcccana 
mvaginited to form the liiung of an aHmeniaiy carity It thus becomet 
sheltered from rmmedfate contact whh the external environment and can 
elaborate ita absorptive and e ic re toiy hmedons at tbe opense of its pro- 
tcctive and sensory functions. Mo r eover tbe fbnnstion of such a canty 
inside tbe organism allows Ingested nutrient material to rrnain in contaA 
with the absorptive epithelium over a Jen^ of time. This, in tom, per 
mita the dovdopment of a process wber^ nutrioot matter which » nc* 
ready to hand la an tssimflible fonn can be acted upon by chemical sab- 
stances and fermetiii ekboiated by the organism itself so that it can then 
be absorbed. Tbe orgamam u thus enabled, for h* nutritional reqtnr^ 
ments, to draw on a mnch wider range of iratwiai width presents itself 
in tbe enviromnenL 

Tbe process of dteesdon, which is coDchtioned on the morphological side 
by the formation of an alimentary c avity or tnUrtm, involves the develop- 
ment of secretory fonctiani by the epithelial cdls c onc er ned. Different 
areas of the epitbetiam lining the canty become specialized to foam dan 
doltr structurei concerned in tbe daborstion of dinitive jmees. TbeK 
glandnltr structures may also secr e t e spedffc chemfal sul^tasces wind) 

are taken up direcdy into the blood stream ss n/cru/ sccreti ana, snd earned 

to other glands whldi they serve to activate. An integrating mechanism 
9 thus provided whereby the activity of tbe di fferen t glands involved m 
the different proc es s e s of digestion u co-ordinated. 

A foitber p r og re aii ve specishxsticip is shown by certam gisnds which 
k)*e Bltogether their cocneaion with the aliznectaiy oi T lty from which they 
were imUsUy derived, and become entirely gianda of m iM ital aecretion (or 
endocrine gianda) Broadly tpeakmg tb^ function is to direct and co- 
ordinate aU those secretory and general metabohe processes winch are 
frrrv-,»rp i»H With TTfmtMTnmg thc nutrition and growth of tbe individosl 
pnfl as an <-wi»TTTAn of tins, the en n tiiiuance of the speoes. 

Tn eaiiy stages of on Lry o m c differmtishrm the body of tbe embryo 
of Umo more th»n a pnmrtrve type of conne ctiv e tissae (roeso- 
denn) on aH aspects by an quthehal formation- Tbe latter a dif 
ferentiated mto an external layer (ectoderm) which cov en the outer ■surface 
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has been excised and kept m saline solutum. Chambers and Rioyi have 
ihorni, also, that if 1 cell is damaged -without any apparent change 

m the rtudeut, the still ccmtinue to beat, but if the nucleus is injured 
they stop moving at once. As just noted, ciliary action is used for the 
tftaport of particukte matcnil over the surhice of mucous rocmbranca. 
In the accessory nasal air sinuses it is apparently responsible for the re 
raovil of dost partidc* and mucous se cr e ti on and here the aha all beat 
towards the opemn« by which the tinusea communicate with the nasal 
canty * In the onsets the aha are often stated to play a part m con 
doctnag the ovum from the ovary to the utenne cavtty but rt is improbable 
that they do so to any sigmficaiii extent 
Cfliati^ cells are commonly regarded aa speoahaed cells. Nevertheless, 
where they form part of a genaid secretory epithehum they have been 
ohsemd occasKmahy to lose their aha and assume secretory functiont. 
It n probible, slso that this change is reversible, i.c. that they can sgsm 
acTOire cfliary processes after completing a secretory phase. 

The Unlac epithelnira of the veatndes of the brain and the central canal 
of the tpmJ cord is formed of columnar ahated cells, but here the aha 
have not been observed to be motile Their functional significance there 
fore, a quite obscure. 

Pavement epltbeiiuxn (Fig 84 () In this type the epithelial cells arc 
mto a smgie layer of thin nucleated plates rtaembUng the endo- 
cells of blood venels, Thor toargins are usually irregular snd ire 
cememed together by a substince which can be rendered viiSjIe by treat 
rostrt with afirer nitrate. Apart from certam r^ons in the duct systetos 
« the ttdivary ^Jands and the pancreas, psvement ^tbehum 11 found 
hflmg the alveoh of die lungs. It provides an extremefy 

whidi fadli ta tes gaseous interchange b etw e en alveolar air and 
toe blood in long capillaries A similar type of epithelium is found 
covenng mo chorionic villi of the mature placaita. 

eplthellom (Fig 84 c) This type of epithelium u 
tenaed trarmtional bccsuacrnorphokmcallyrt occupies a poamon between 
simple and s stratified epithelium. It is the charsctenatic lnung of the 
pamges, extending from the kidney down the ureter into the 
tndurcthra, and is not found elscwbero m the body 

trsnsrtioiud epithehum consiats of somewhat 
a:Us which qmte frequenUy have two nuclei The lur 
^ shows a atructoral differentiatton to form a vaguely 

(which average three or four m number) 
the ceTl. • ^ cement substance v»diich when 

^ micro-dissection, becomes drawn out mto dehcalc 
ItumTirtwrofthUinterceBularshme that the cells of 
each other SO that, when the 
they lunit is distended the deeper layers become thinned out 

« tm waro*] .p*mtr« nsbtt in mtkins a«« openta*. tadSSiS 
R-CW>m«*10 B.Rfayl,op clt„p..5c 
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tub-epitbdkl tinuet. Tbe £ree edra of the ceHs ahow t alight mar giMl 
dlfferentktion m the form of t thC> prctoplaanuc membrane or cotkk. 
Mlcro-diasection of llTuig ttasuet has shown that the adhesion of one cell 
to its neighbooia to form a contmuoua epitbehom Isprobabljr doe mainly 
to a dir^ contmiuty of the cuticolar border* does not mem^ 

howcTcr that the ceUa form a real ajncJihjm, for the &ct that exped 
mental damage to one cell n cot transmitted to the next Icdkatea tht there 
ia no true organic condnuitr 

Simple coiumaar epithelium ta fmmd lining the gall bladder and bUe 
ducts, and the ducts of many different bnds of glmda, bat it does not 





Fta.&4. n iffm ITt u a littu f difletBit ■ Rlmp U mhjTmar q Jihifiaa. 
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cre iy wh ere show a marginal cutiailar differentiation. The beigfat of the 
rpn» varies in different regions, and they may be to low as to require 
another tenn for tbeir deamption — fubicaJ tptiMaat. 

Golnmncr dilated eplthellom (Fig 84 d). In aeveial parti of the 
body the mocous membrane is lined by columnar f*ll« each of which b 
funnahed with fine hair like protoplaaimc pr oc ca a ea projecting from its 
free border These aha take thor roota deep in the cytoplum of the cell 
and are capable of a thythmic motlk^ They beat in a defimte direction 
^nH produce wav e Hke moTemects oo the auiface which are ggfHdently 
itrocg to carrr along mmate particles lying in coctart with them. 

C^Lted epithehnm u found Iming cavitiea of the nose, the accewor y 
n«— 1 air tmnses and the ntsophaiynz, the trach e a, bronchi, and broc- 
/4ilrJi»a thc ovlducts and uterine cavity In some of thw rcgkms, 
e.g the trachea and bronchi, the epitheliam is atradSed, for deep to the 
ccDt sro Several i^era of comcal and oval ceUt. 

CHiary acdoo ia independent of oerrous control — i n dee d it can condnae 
fof II hti». length of dme in a portion of mucous membrane which 

R. O 8. Renrl. *rb« UJuUm a ot tba «lh tn tlMae* m bj 
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beta cxs3»ed tnd kept in ttline sdoticm. Chtrobtrt *nd Rinyi have 
fhown, tUo th*t if a ciluued ceJl at damaged vnthout «iy apparent change 
m the nudcua, the dlta rtdl contimie to beat, but if the nucicua is injured 
they stop iTKjrmg at once, Aa ju*t noted, dhary action i» 'uaed for the 
tranapert of particulate material over the aur&ce of mucema raembrane*. 
In the acceaaory nml ttr nnuaca it la apparently reaponiible for the re 
moval of daft pamclei and mucous accretion, tnd here the cilia all beat 
towards the openanga by ■which the atmiaea communicate with the nasal 
canty ^ In the oviduct* tiw caha are ofttn slated to play a part in con 
dtwtffig the ovum from the ovary to the ntenne cavtty out it is improlable 
that do ao to any aigmficant extent. 

Ciliattti cells are comtmmly r^arded m tpectahicd ccU*. Ncvcrtheleaa, 
where they form part of a genexaj aecretory cpithehtnn, they have been 
t^jaerved occittoialiy to lose their aha and a»*mne ae oetoty ftiactiona 
It a probable, also, that thta change u revemble, Le. that they can again 
acqj^ ahary pro cesa ea after completing a aeattory phaae. 

The hruQg epithelium of the ventridea of the brain and the central canal 
of the apiau cord n formed of cohimnar cihated cell*, but bene the cilu 
have not been observed to be motOe. Then functional Bgmficance there 
fore, « cpme ohacure. 

Parement epltheliom (Fig 84 i) In this type the cptthefaal cell* are 
kittened mto 1 tingle layer of thia nucleated resembling tbe endo- 
thelial ceUa of blood veoda. Their margins are usually irregidar and are 
c eraente d t cytfaer by a tubstance which can be rendered vu&le by treat 
meat with siirer nitrate. Apart from certain regiona m the dact systems 
of the aalrrary glands and the pancreas, pavement ephbeliom is found 
httmg the tlv^ of ti« bmg* It provides an extremely attenuated tnem 
brane which faoliDctea gaseous mterchance between the alveolar air and 
the blood m the long capdUrtea. A snudiir type of epitbeinrm la found 
covenng the chonomc vuil of the mature placenta. 

Traasitlottal epidielium (Fjg 84 c) Thta type of epithchum la 
termed tranntjonal because roorphologically it occupies a position between 
a simple and ■ stratified cprthdnDn, It is the chiractemtic lining of the 
urmary pamgea, extending from the kidney down the xureter hito the 
bladtw and urethra, tnd u not found ebewhere m the body 

Tbe superficial layer of tnntitional epithchum coimst* of somewhat 
flattened a^widal which quite frequently have two nucla. sur 
face lone of t hese cells ihow* a structural differentiatxon to form a vagudy 
defined cuticle. The d e eper laycia (which avenge three or four m number) 
insist of oval ceHs cmlwded m a alnnry cement substance which, when 
tl» edit are separated by tcucnxUaaection, becomes drawn out into dHi c str 
adhesiTe strand*,* It u in virtue of this mterceUular alime that tbe cells of 
transitional epithelium can readily shp over taiii other *0 that, when the 
cavtty which they hmrt u distend^ the deeper layer* become thinned out 
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very contldertbly It tppean, therefore, that trtnahxrnal epithdnim b 
paiticularlT adapted to uow of rapid chugea m the dktauion tuH cod* 
traction of a vticua. It ia probable, also that the auperfioal ccQi ait 
modified to acrre u a protection againat the aadity of the urme with which 
they are In contact. It la a matter of common knowledge that in caaea 
whm uncontrolled mlctundon leads to a wetting of the ^denma of the 
aldn the latter toon becomea sodden and excoriated. 

Stratified eqaamoos eplthelinm (Fig So), llie epidermis the 
akm is a atratifi^ aquamoos qdtheliom ^ 370; that ia to aiy h ta com- 
poaed of aerial kjeri of ceJla ^riikh become more and more flattened as 
they approach the aurkce. They atao become pjogr caai rely conv erte d into 
a homy matenal called J unz t i/ L Epithelhim of a atructiire ta foond 

covering the mttcoua membrane which lines the buccal canty the lower 
port of the pharynx, the oesophamia, anal canal, vagina, &c. It la not so 
thick here, howerrer and k er atin ronnation k chber absent or ia mneh loa 
marked. The adaptive aigmflcance of a stratified aqnamoua epithelium u 
■n gg e at ed by the fiict th^ simple columnar epithelium can undergo a 
metaplaau and become converted mto stratified cphbeHam with ker atinn a* 
don if h is ex p osed to mecbamcal imtadon. 

The ampllflcadoa of abaorptive anrfacM Rapidity of ihaoqman 
tbroo^ a membraoe ia direcdy related to the surface area eepoaed to the 
matenal to be absorbed. Where absorption k taking place, therefore, tbe 
area Ii often increased by direct exteocon, or bv tbe tormadan of aarkce 

i r reg u kridea. In tbe case of the digestive tract tnk is pardy brcaigfat abent 
by a kngthming of tbe whole mtestiDal « nA wfal(^ (in man) fuaim a 
tor tu o us tnbe eK tgt idmg orer many feet, and partly by the formation of 
folds and viEoua proceaeea m tbe mucous monbrane. Tlmt, in tbe upper 
part of the small mtestme (where p ro ce»ea of absorption predominate), the 
mneoua membrane ia not only richly folded In a ctrcular manner to form 
thtpSeot ctradera of the dnodenom and igunom, it a ako covered with 
mmote villi which give it the appearance (is seen under a hand kn^ of a 
velvet pile. In tbe lowcf part of tbe small mteatme (tbe ileum) the viDi are 
also present, but tbe pheae have almost duappeared. In tbe large mtesdae, 
wfacro absorption n not so tetivo (being normally re a tnet e d to tbe remoril 
of water for tbs concentEstion of Its contents) both vilb and pUcaccircokres 
are absent It has been estimated that (in tbe cat) tbe intestinal mucosa 
may be as much ts fifte en tunes by pHcations and villoos fbnna 

dou Ea(± villas tt cov er ed by a condnuous krer of absorptive ep it be- 
Tfirm, while m its ce ntra l core are mmute blood tcmcIs and a centrally 
plac^ lymphanc veaseL* 

Tbe exteoaioo of absorptive membranes tbe production of smfsce 
Irregulantics Is also ihustrated bv the complicated cbononic rilh of tbe 
placenta, and (to a less ttiikmg degree) by tbe formation of villoos folds 
m tbe aynovial membranes of joints (p. 155). Tbe total t b s u rptiv e area 


K. O Wowt 'll* m* of tbo {utatka] niu co— fai tba nt and cat* JWa. 
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of the hteman ptacenta (wbidi in bulk mcsiures alxmt wven inches m 
daiMief) i* approxunatety seventy square feet* 

The epithelium of the aUmentary tract The buccal cavity is 
CTcrywhere hned by stratified squamous epithelium. The tuperfiasl cells 
here are easily detached, so that isolated squamous cells can be obtained 
for microscopical examination by gcmly acraping the mucous membrane 
of the lips and check. Scattered OYcr the stratified epithelium of the tongue 
arc the seosory organs of taste (taste budsj which are parficulariy nutocrous 
mrclitiontotheuugccircumvaUsrtepapiUac. Isobrted taste buds may also 
be present In the mucous membrane of the palate and even over the 
epiglottis. They are said to have a more extensive distribuhon m the foetus 
than m the adulL 

The lower part of the pharynx ta also lined by squamous stratified 
cpithehum. The mucous membrine of the nasopharynx, however is 
covered by cohunnar ciliated epithelium (like the nasal cavities) and this 
extends up the Eustachian tube as fsr as the mtddlc>ear cavi^ 

Squamous epithelium extends down the whe^ length of the oesophagus 
It ceases qmte abruptly at the openmg mto the stomach, whw it is 
rrolsced by simple oolumnar emtfaehum. The junction of ^e two types 
of enithdui is ufoally recognizable to the nsked eye as t crenated line. It 
is ot some importance to note that there may be isolated p a tche s of epi 
t be h um m the oesophagus which resemble the characteristic mucosal hnmg 
efthettomach theseoo^ional cuthen ofgasmcepnhehumpotttblyfctfm 
the Um of certain pathological conditions which may affect the oesophagus.* 
Throu^om the length of the gastro<mtestmal trset the lining epithe 
hum is of the simple columnar variety Glindokr diverticals fonn gastric 
glands of different types in the stomach, BruiiDer*s glands m the duo~ 
denura, and the cryuU of Lieberictthn m the whole extent of the small 
tnd large mtestme. la the large intestine these crypts contain a relatively 
large proporbon of mucous «Ua At the tenmrurtioD of the alimentary 
tract, the columnar epithelial Inung ceases abruptly at the middle of the 
anal canal, me eti n g here the ttretmed squamous cpithehum vduch turns 
hi from the skin to Ime the lower h»lf of the an»L 
The early development of the mucoos membrane of the alimentary 
In the embryo is diaractemed by a remarkable proliferation of the epithe 
hum. The latter becomes gre a tly thidmncd, and this may even lead to 
a temporary occlusion here and there of the lumen {pRsrticulariy m the 
oesophagus and duodenum) Subsequently an irregular vacuohrticrn ap- 
pears in the hypertrophied cpitbelioin, forming large spaces which effect 
a com muru c a t ion with the lumen. In this way the lumen is opened up 
and re-estahlu h cd. It is possible thst ceitam congenital anoma^ of the 
shir^tary tract, such as atresu (a locahxed narrowing or constnedon) or 
the uwkjpment of aboortnal pouch like diverticula, mxy be due to the 
partial pematence of the foetal proliferation of the eprth^tal l»n>r>g 

^ faQ ttimpUceiita Am* Pff 74 
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very coa»idcr»hly It tppean, therefore, that tnmsitional f!p^th<4nrm a 
puticultrly adapted to tllcrif o{ npld changes In the distention and coo- 
traction oi a Tacut. It is probable, also that the supetfictal f*!]! tre 
modified to serre as a protection against the acidity of the urine vnth which 
they are In contact. It a a matter of common knowledge that in <*■**■ 
where uncontrolled mictuntioa leads to a wettmg of the epidennia of the 
akin the latter soon becomes sodden and excoriated. 

Stratified aquomotiB epltfaellsm (Fig 8o) The epidermis of the 
akm is a stratified squamous epitbehum (p 370) thrt is to tsy it a com- 
posed of sentJ layen of celis which became more and more flattened aa 
they approach the aur&ce. They also become progre sii Teiy cocrerted mto 
a homy material called ktrat x fu Epithehum of a wmnT structure is fiaund 
covering the mucous membrane which line* the buccsl carrty the lower 
part of the pharynx, the oesophtgua, anal p*na1, vagina, &c. It is not k 
thick here, how e v er and kerato mrmation u other absent or is much lets 
marked. Hie adaptive significance of a stratified squamous epithehum is 
suggested by the fact aimple cohimntr epdthehum can undergo a 
metaolaaia and become co n ver t e d mto stratified epithehum with keiatimza^ 
tion if it is amosed to mechanical tmtabon. 

The amplification of abaorpdye aurfacea Rapidity of ab ac rp non 
through a membnme u directiy related to the surface area exposed to the 
material to be absorbed. Where ahsorptian u taking place, therefore, the 
area ii often mcreaaed by direct or bv the formaticiD of aorfm e 

uTcgukntiea. In the case of the digestive tract this is partly brought about 
by a lengthening of the whole hnfMHnal rral whkm (in man) farms a 
tortuous extending over many feet, and partly by the foernation of 
folds and villous processes in the mucous mcrohrme. Thus, in the upper 
part of the ttmTI zntestme (where processes of ahsarodon predominate), the 
mucous membrane b not only ti^y folded m a circular manner to form 
tiwphcat a milar tt of the duodenum and WTunum, it is also covered with 
minute vilh which erre it the sppearance (as seen under a hand len^ of a 
velvet pile. In the urwer part of the ■mail (the liccm) the villi are 

also prerent, but the plicae have shoost dinppeared. In the large intestine, 
where absorptum is not so aetTve (bemg nonmdly re st neted to the removal 
ofwiterfortheconcentratian of hi contents) both vDH and pliciecirculares 
are absent It has been esthnsted thst (in the cat) the Intestlnil mucosa 
may be amplified as much as fifteen tfmra by plications and villaits forma 
tuna. villus n cov er e J by a conthraous layer of absorptive eprtbc 

Tmm, while m Its central core are minnte blood veascls and a cen tr ally 
plac^ lymphatic vetseL* 

The of absoTpOre membranes by the production of surface 

irregubxlties b also iHaatiated by the complicated chononic vilU of the 
placenta, and (to a leas strikmc degree) by the formatloo of villous folds 
Ip tbf fynovBU membraues of joints 155). The totil sbsoiptiTe area 

B. O Wood, "nw km o< tfak faUcktiokl frocokk tn tfaa ntt knd cat’ JtmM. 
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of the hmttin pkcenta (which in bulk meunres about acven in dtf » in 
dmneter) u approxinutely icventy aquain feet* 

The eplth^um of the eUmemary tract The buccal cavity is 
everywhere by stratified aquamoua epithelium. The superficial cells 
here are easily detached, so that isolated squamous cells can be obtained 
for microscopical extminatioti by gently scraping the mucous membrane 
erf the Ups and cheek- Scattered over the stratified epitbclram of the tongue 
arc the sensory organs of taste (taste buds) wiudi are particularly numerous 
m leUtwa to the huge orcumvilhtte papulae. Isolate taste buds may alao 
be presmt m the mucous membrane of the palate and even over the 
etaglottu- They are said to have a more extensiTO distribution m the foetua 
™n in the adult 

The lower part of the pharynx ta alao lined by squamous atiatified 
ephhdium. The mucous maMranc of the nasopharynx, however is 
<xveftd by columnar edtated epithelium (Uke the nasal caviuea), and this 
extendi up the Eustachian tube aa fisr as the middle-car cavity 

Squamous epithelium extends down the wholo length of the oeaopha^qi 
It ceases quite abruptly at the opening into the stomach, wh^ it is 
repheed by umple cohmmar epithelium. The junction of the two types 
of cDitheha ta awafly rccogmisble to the naked eye as a crenated bne. It 
ta of some nnportance to note that there may be isolated patches of 
thehum m the oesophagua which resembk the charactemne mucosal lining 
ofthestomach these ooctstonsl oothera of pstncepithehom possibly form 
the basis of certiinpathoiogtcal conditma wmch may afiecx 0» oesoplapia.* 

Thitjufihout the length of the gastro-mtestmal tract the Imlng 
hum IS of the fttnpk columnar variety Glandular divcmaila fonn gastric 
^ands of different types in the stomach, Brunner t glands m the duo> 
deaum, and the crypts of Li^)erkllhn m the whole extent of the 
and large mtestme. In the large mtestme these crypts contain a rdttively 
large proportion of mucous cells. At the termination of the alimentary 
tract, the columnar cpithehai lining cesses abruptly st the middle of the 
anal ctnal, meeting here the stratified squamous epithehum which turns 
fit fiom the skin to hoe the lower half of the ann| . 


Tbe early development of the mucous membrane of the alimentary canal 
in the embrro is charactemed by a remarkable proliferatino of the epithc 
lium. The latter becomei greatly thickened, and thia nuy even 1^ to 
• ttmpomy ocdusion here and there of the lumen (parocuhuiy m the 
oesophagus and duodenum) Subsequeirtly an irregular vacuohnon ap- 
pears m the hypertrophied eprtbdrum. fonnmg large ^lacca winch effect 
a cora m u Qt canon with the himen. In this way the lumen is opened uo 

and re-established- It is potaUik that certam congemtal aaomahtt^ the 

•lunmu^ tiaa, luch «. KreM (. kxalrad nwrownig or constnctiim) or 
the d^opmait of riinonnil poucb-lio dtroracul,, mxr bo due to tK. 
penattnee of the foettl ptobfenBon of the cpithelal bnlr^ 
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^ The epItbeUnm of the reeplratory tract The trtchei trtd Urym 
tre liaed by o H a t ed epithelium. Over the vocal cord*, bowtrer thu b 
replaced by ttrahfied aquamou* cpithdlum. Ciliated eprthehom contmua 
to Imo the rcaplmtoiy tract aa £*r distally ta the terminal bronchlolca 
Here it la aupeneded by a cuboidal non-dliated epithehtim vrhoae com 
ponent cell* become flatter ta the alveoli are approached The latter arc 
Imcd by an extremely attenuated pavement ^thehum, the cytologtcal 
detail* of which are very difficalt to determine by ordinary hutologicai 
method*. 

The epltfaelinm of the arloory tract It ha* already been mentuoed 
that the Kreater part of the unnary tract t* lined by tranntional epithelium. 
Thii 1 * CM case with the pdvi* of the kidney the ureter the bidder and 
moat of the urethra. In the immferoua tubule* of the kidney the termiml 
dilated vesicle* (which are mvaainated by glomciular tuft* ^ blood capil* 
lane* to form ^wman « capaulc*) are lined by very thin pa veme ul q»- 
thfJral ceUt. In the convoluted jxiTtioo 6f the tubules the epithelium t* of 
the cuboidal type, the height or the individual cells varying is relalian to 
the actmty of the kidney Finally the collecting tubiika are Hned by t 
cuboidal ^tbelitun which gradi^y becomea ^umnar m type as the 
pelvu of tl^ kidney b approached. Jost before reaching the latter how- 
ever the celU agam asanine a flattened shape. 

Theepltbelliimoftfaeg^enltaltTBCt In the teancle, the •onimferous 
tubule* are lined by g arTr nna l epithelium which, in matunty U the ste 
of active tperm ato geDe ak . The •petToatotoa are con v eyed by a ayatem of 
■mall ductule* fvaaa efferenti*) te an intricately cofled tube — the 
dymia. This tuoe u ltr>ed by a colunuor epitbelrum, the cuia of 

which are rather long and non motile. It e v en tuafly become* commaoca 
with the doctui deferen* m which the epithehum i* of a tuniiar type, bat 
DQp-ciltated. 

In the female, the Fallopian tube (ovidact) b hned by a innple coJu mn a r 
eplthdhtm which is pixtiy dliated the dib 'beat in the direction of the 
utema. Hie uterine epithelhim b alao of the columnar nTiitrai type, but 
the ciUa are not umfonnfy present and in many mamma ta they arc com- 
pletely absent- Hie whole extent of the uteime nrucoea b be*ct with 
fnh iitar gbnds which reach down to, and aooetimes into the muscubr 
coat. At the opening of the utenne cervn mto the vagina there b an abrupt 
li an a ifim fj oci g ofnmnar to stiattfied aquunous epithcifom. 


2 GLANDULAR MECHANISMS 

It ha* already been noted that the pr oc ca a ea of digestloD and asanoilanon 
Involve the productiofl by cert ai n edb of apeoft: ch em kal auhttancea 
whose fonct^ it n to act on foodatuSi m auch a way that they can be 
absorbed through the wall of the aUmentary traeL As an extension of thw 
activity some also ebboixte chemical aedvaton which are earned to 
all part* of the body in the blood stream and control or co-ardimte the 
aettvity of other ae ^ e tor y cefl*. In afl but the lowest orgamama, these 
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function* are largely earned out by apeaalired groups of cells which are 
collected together m the form of glands 
The d Hrm tifm of a glind u not altogether easy All kind* of tmue* are 
concerned m some degree with the elaboration of chemical aubftancea 
which often exert an m^cnce on other naroc* Muscle cells, when they 
contract, produce metabohtea which cauae a dilatation of the noghbounug 
blood vessel* substances are Hberated at the tenninals of nerve fibre* 
when they arc stimulated and act directly on effector mechanism* such as 
moack cfH*, or on other nerve cella the epidermis of the skm may be 
said to secre te eleidm and kcratohyalm and adipose tissue to secrete £st, 
and so forth. Indeed, the development of humoral physroloCT has sug 
gested the conception that all type* of cell* are concerned with the secre 
non of some chaiactenstic chemical substance. In most tissue* however 
this process is incidental to the main Function of the cells. On the other 
hand, glands may be defined as orcumsenhed collectiODS of cells which 
are tp&sficaSy d^erarUaUd for the production of certain cbcrmctl sub 
stance*, and the latter are either required for use by other tissue* (in which 
case the proceas is termed secretion) or they are waste prrxluct* to be 
fTimmated from the body (In which case the process is termed excretion) 
Glands may be aeparated mto two categOTc*, ctoeme glands which 
discharge their secretory product* on to a free surface directly or by duct* 
and tndocrtne or ductUu glands whoac accretion u taken up direct^ into 
the drcnlation. Some au^nUet also recognize as a third category eyU>^ 
gtnxe glands whose foncoon u not to elaborate chemical substan^ but to 
secrete special type* of cell* which tre earned to other part* of the body 
These glwd* would indude lymph node*, concerned in the production of 
lymphocyte*, and bone rr un w m whidi red blood corpuscle* and granu 
locyto are differentiated. Such a daasification, ho wev er extend* the usage 
of the term se cretion beyond it* legitunale rrw^nmg 

Exocrine glanda Glandular mechanisms are represented m their 
most elementary form by general se cr eto r y cpiihclia m which no particular 
structural differentution occur*. For exam^e, the uterine cavity is lined 
by a columnar epithelium all of whose cells arc equally concerned m 
eiocrmc secretion. The ependymal epitheli um which cover* thw chonoid 
plexuses m the ventnclei of t^ brain is similariy concerned as a whole 
with the formation of cerebrospinal fiuid. A further elaboration u shown 
by the diffcrentnUon of special secr et ory c>lU m the epitbehum, such as 
the goblet cell* which are scattered over the mtestinal mucosa and many 
other mucous membranes 


Goblet cells MKwacrIhdar glands and are concerned with the production 
of rnucin (Fig 84 (f) U U probable that they can be develop during 
j ^^^*tisformation of mdifferent ceDs of the general epitheUom 
and thrt after a phase of active secretion they can again b«»iDC converted 
into o^nary epithelial ceCa. The next stage m the devdopinent of 
g landula r mcc^msms la reached when mdividual secretory cell* become 
agr^rf to form siinplc mdttctihdar glands These are exemplified bv 
^ mucous gl*nd* scattered over the bucad cavity and 

lying dose to the surface of the mucous membrane (Fig 85 a) 
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A further derdo pment mvolTci the nnkme In of localized groupi of 
ipecialized lecretoiy celli ao as to form a podcet or folhck opaa 
on to the turfzrt by a tmall ductule. A ggr e^dona of such folUdei may 
extend more deeply and their conaeziona with the tnrface then become 
drawn oat into a aenes of docta— e.g the tubUngual aaHrziy gland in the 
floor pf the month. An extention of the Mma p r o ce a a letoi to the atige 
where the ducta from mdividtial foUidea or groupa of folhclea open lom 
a amgle main duct rriilch may tra ve xa e aome niatince before it reachea the 
aurftce of the mucoua membraoe. 

The proceaa of the tmking in of groupa of ae cr e tor y cella from the nirfify 
to form complex glanda pronded with ducta ae rrea aereral purpoacL It 



FrcL 85. DkftBm {DuMrcttof dHTanot t7p«* ol gkodi. Hm wuntor r 
w p r w ta ted by dotted ttoe*. *. BkimU ttraoltf fkiicL i Sbnpl* tobolar glMid. c. 
pound tnbokr gtcid. d. Compound th«ol«r glMd. «. Compound tuboloHkh'Voltr ftBO. 

abehera the accreting ceOa from the surface it tllowa a great eztenilan of 
the ae crrtm g surface by the fonnatiofi of ramlflcationa of closely packed 
folhclea and by the focmatian of a duct of var y in g length it enahlea a 
maniTe gland to be accommodated In a coDrement poai&in (perhaps at 
aome diatanco from the position of ha original der d opment) and penmta 
the outflow of secretory juices to be concep tr ated on one loodizcd area of 
the mococal aur^ce. 

According to the degree of thcar daboralion and the c onto ur of thor 
eecre to ry dements, glands can be daaaifled m several c ate gonea. Sv^it 
glands are mibranched and usoally tubular m contour e.g the sweat 
glands of the aHn, the uterine glands, and the uyuti of Lidierkfllm in 
the aroaH mtcatine (Fig 85 4 ). Ctwpeiouf/ACTdr arc formed^ the branch 
mg to Ttrioos de g n m a of the ducts and their subdiritiocia. 'fu» la shown 
in Its tiinplest expressi on in the [^lorlc glands of the atomach and the 
iruTI mucous glands (glands of XaUrf) m the urethrL A more complictted 
variety is the lachrytm dand, vdtiefa conititijtes what it termed a am p oaad 
Hdndar gland 85 c'} In many gkndi the te rmi nal ee cr e to ry portian 
of each ramiuaoa a formed by a sac Eke dlrallcuhim Imed by the 
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•ccretDry winch i» called an aheoha or acmus Such a gland iS called 

% compctad cdoeoia- gland Ssd) and thi# type u illustrated by the 

parotid gland In moat caacs, however the actual aecrttory meduuusm 
ntchidet not only the alveoli tbemselvc* but also the terminal tubular 
r»nq?» mto wiuch thc thtoli open. Thtf constitutea a compound tuhtlty^ 
aheohr gland (Tig *) and h repreaented by thc sublingual g>nd, the 
pancrcaa, prostate, and mammary glands 

One more type of gland requite* mention here — the rr f i et tiaif in 

which thc iccreung edk are arranged in anastomosing cord# Wbuc this 
tmngcmcflt ta common enough m cadoenne glands, it la found In onlv 
one eaocnac gland the hver Thu organ » drrtlopcd aa an oui^wth 
from the upper part of the intestinal ca^ and, by active prohferstioii its 
cells form reticulating masse* which mvade venous pkiusc* formed 
by thc termination of the vitcUme veins. In this way the plan»e* become 
broken up mtn a labynathme aenes of sinusoidal vtsieU whereby the 
hepatic ceib are brought mto the moat intunate relation with thc olood 
curulation. 

Endocrine glands It has been mentioned that, besides glands which 
pour their secretion on to an epi&cUtl surfiice by ducti th^ are other 
^andt vdioac secretory product* ore taken up directly into the blood 
stream. These internal tecretory or endoenne g^da are found m different 
parti of the body and are heterogeneous in their ongm and structure. 
Anatomically th^ show oertain pecuhanoe* m that their esnbryolo^ical 
denvataon onto sceroi to bear no obvious relation to thm funcnonal sigm 
ficance, auggesting, from the evolutionary pomt of view that they have 
been developed by the modification of stnicture* which were initially 
coDcemcd with other function*. 

Some endocrine glands an»e tn the carfv embryo from diverticula of 
the ahraentary tract These are the anterior lobe and pars Intermedia of the 


prtuitiry ^nd, thc thyroid and parathyroid glands the thymus, and thc 
valets of Langcrhtnt m the pancreas Such an ongin may be taken to 
mdicste that these were onginally external secret or y organa opening Into 
the corresponding part of tiS: shmentaiy traa by ducts, and that the ducts 
have fubscCTi^^ been k»t with the assumpticrti of internal secretory 
fuacnoDt, ’ihe thyrcTid rtand for eramplc, is developed m the embryo 
from a medan dimticuruni which wow* down mto the neck from the 
fioor of the pharynx, the stalk of tho diverticulum forming thc thyro- 
gkassl duct. In the lowest efaordate*, Awtpfaoxiu and Atnmo)^ the 
thyro-ffloml duct remains in a functional state and m these forma the 


oma the duct become* obliterated, though even m man a cotmdcrsbie 
porarti of it may persist (in a noo patent form) as tn anomakna vananon. 

babe and pars Intermedia of the mtujtsry eland are de- 
wlopw frtrm a diverticulum In the roof of the primitive moudi (the stomo- 
ucuro) ^ parathyroid gUnd* and the thyrou* from the cntodcnnal Imma 
the Uleti of Langwhan* from the diverticular out 
which also form thc exocnne tissue of the puncrea*. 


s 
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Two endocrine aiwi*, the po$tenoT lobe of the pituitary gland and the 

pineal ^land, are derived from the ncnnltuaue of &forc-bnfaL Inthor 

intrinsic anatomy these gland* appear to have Irttie m common with typical 
■e cr etoiy tiaaoe. Yet the poaterior lobe of the pltnitary u known to exert 
a hormonal control orer the water control of the body by regulating renal 
actmty whik there a aome endeoce (admittedly mcomclcte), part^ 
based on expenmentatioa and partly on cbnli ;^ ] i -J i a ej Y iit nn, pineal 

may by itt aecrotoiy a ctl y lty Inflncnco growth proceaaea. The ^Tw^nna rf 
the adrenal gltnd a a specudtzed d en n m ye of w aympathetic ay ate m and 
b functionally directly related to aympathetic actinties. 

Of the remaining endoerme gbnda, the mtentitlal of the ortry and 

testa, the granulosa of the ovarian folliclea, and the corpus l u i a im 
of the ovary are all derived embryologically fitim meaodennal nasue which 
a locorponUed m the aex glanda, and tbm fanenon* are predomhantly 
related to those of the r^roductivo ayatem . The adrenal cortex has la 
embryological ongm m the Intermediate cel] mass, and its hbtogeneas b 
inthr^dy related to that of the urogcnhil apparatia. It ehboritea active 
suhatancea which are of vital importance for ttn TnMntgnanna of cell meta 
boUtm, probably by controlling the nh and water balance m the body 

It may be gunmaed that, in their early evohuiocary history endoaine 
glanda were developed as an extenaion of the ween ha 1 basic meebsrusms 
responsible for mahtsming the existence and growth of the mdhidusl and 
for promoting the continnance of die apede*. ’Hieao hnic median ams 
are the gkndolar epitbelul structuiea fmniaiTT ii'd with the ibaorptiflii and 
aailmiUticm of nu tnt r v e material, the primitive necnl appaxitm con 
trolling the vegetative function* of the body and the rcprothhaivo organ*. 
Widi ^ progreanve elaboration of metabolic proc es ses m the vertebrates, 
the endoome gUnds hsve became in c re ssin OT speculued, and their co- 
or d h t ati iTg jnfhirncy on taaue growth and rcKaal activities more subtly 
bompkx. Their functictna] fnterrebfions hare also berome exceedingly 
intncate, so It often becomes a mattw of mrujATaMfi difficulty to 
determine whether t partkokr endoerme gland exerts its on the 

growth and mctabolbm of other twuca by the direct action of its Kcretoiy 
hormone, or indirectly by disturbing the se cr et or y setmties of other 
end oc r in e gbnds. 

To the anatonust, the study of endocdnology hsa come to tKume a great 
Importance, for it is now known thst funds mental pro cease* of growth, 
tissue diffiercntiatioii, and modificatian of anatomical atructmea are deter 
rntni^H tnd controQed to a very brge extent by the Inter action of hormnnea 
secreted by the endocrine gimds. Hence, for a nmnber of years, erperi 
TTn-nf l tnatomy has become more tnd more c on ce rn ed with the exploratian 
of this field of inquiry 

In a prevkrus chapter it has been noted tb«t the growth of skeletal 
dements, bone and cartilsge, w contioUed by the secretion of several 
glands, c.g the pitmtaiy myroid, paiatbyroiid, tnd *er On the 

of bh-Ti obaemtioQs it fa 0 bera soggoted that the skeletal character* 
and the difierencts of body pr o por dota seen in modem fad prehistoric 
of ",<nHnd owc thdr OHgm to vactttions in the funcUonil balance 
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of tiio bonoona eUbonrted by tbcM glandi According to •omc tpecuk 
tioM, Indised, hortftonal influence* m«y b*ve ^ycd a dominating part m 
directing the coum of organic evolotlom While, however endocrine 
actmty mint neceeatrily bo modified in txrv atructural change which m 
toItci the under thar controlling mnuence, it has yet to be abown 
tVft in the cvcdutionary modification of anatomicsil atnicture the activity 
of endocrine gland* playa thtprvnary part- 
Tbe morphogtne^ runction* of thoae endoenne organa which cmbryo- 
logicaDy are denred from the pharyngeal wall auggeat that they are related 
m aome way to the organizing region* of the eariy embryo which are 
rtaponaible lor the induction oi atmctural difl^ercntiation and organization 
in adjacent tmue* (*ec p 35) WooUard* ha* pointed out that, in rta 
embryonic dcvdopinent, the pharyngeal entoderm he* at the junction of 
two growth ce ntr e* which hare an mdudng action m the organization of 
the cmbryD and he mggests that it functmn* ilao a* an OTganising region 
in the cany atage* of development. In the later atage*, and after birth, thia 
activity 1 * contoued by the ductleaa glanib whith anae from it. Since, 
m it* OTiffin, the pitmtary gland belong* to the pnmary growth centre, it 
retnam* dae dominant member of the wtmle endoenne a^e* m the furo 
tmal mterrektioa of hormonal accretions during life. Inadcntafly it may 
be obaerred that the part which the entoderm of the pharyogeal pouches 
pltyadn the geneaia of endoenne organs provides an cxpUiunon of the 
pe m ateneg of these pouchea in the erobryological development of 
mgher vertebrate* in which they no longer culminate m the formation of 
ac^ gill sUta. 


3 THE MACROSCOPIC FEATURES OF GLANDS 

Seen in gross dmectKin, most compound glands appear as rather com 
pact ftracture* showing some deme e of lobulation and a relatively smooth 
surface. The lobulation la related to the manner in whidi a ^and deveioT)* 
*a a diverticular outgrowth whidi rgjeatedly dmde* and subdivides to 
form a branching ayatem of duct* When the ultimate ramification* are 
bound together in relatiTcly loose connective tissue the lobulation remain* 
quite apparent, as m the case of the talivaiv gianda and the pancreaa. In 
other glands the primary lobulation may become obacured tupcrfiaally 
during devdopment by the ck»e padong of the mdinduai lobulM and is 
then only revealed by a dose inapection of the mtcrnal structure, e.g in 
the liver or hdney In the foetus the kidn^ is qmte obviou*b^ lobulated 
m its aurface appearance, and occaaionally tnia condition miy peram mto 
adult life In me hver the primary aubdmaion* of the embryonic hepatic 
diTCfticulura are repieaented in the adult by the mam lobe* of the organ, 

but the indi^ual lobule* are not endent except on microscopical ennun* 

tron. It may be noted that the lobulation of the Uver is aomewhat excep* 
uonal m that the lobule* arc differentiated around hepatic venule* and not 

It.ILW«iII«d The poteocT of tltc phMTnjMl cotodeim 
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iroimd ductule*. The lobule^ only become well defined by connective- 

tu*ue aept* tbortly ifter birth. 

Mo»t glind* ire pnmded with oonnectTTC-tinpe ciwrulea which In *0010 
case* m*y fbnn t rcktn^y dense fiadal invMtment. This hu t rapporting 
function and, where it contain* an element of nnitri p wl rntw li»^ it nuy 
pl^a part in exmesaln g secrctoty product*. 

The detalk^oi the shape ttiumcd by a gknd are hugely a refiection 
of the pressure of ffarroutulmg stnictnre*. It thould be recognued that 
glsndnfir tusue (a* it occurs in bulk) j* creep tiocally plastic and therefore 
readily moulded by external force*. For the Grer ihowi on hs 

tur^ce c ertiiD unpresnon* for which surrounding muam ea such 0 the 
stomach, oesophigua, Inferior ren* car*, and right kidney are responsible. 
Moreover the impresslQni formed by hollow T ucer a vary m appearance 
from time to rime in relation to the dutomon and emptying of t» latter 
The precise shape and contour of solid glandular organ* m the abdominal 
cavity u seen in the disaecting'roam, therefore, will dqiend to some extent 
an the poaiUoa and condman of neighbouring viscera at the rime of death. 
Glandular organa m the neck are also mouJd^ in reladon to neighbouring 
structures. It is customary in topc^raphical anatomy to descdbe various 
grooves, emmcnces, and aorfice* on the thyrord and salivary glands tbeac 
are merely the hopressaons of oet^ibounog blood vessels, mnsdes, bony 
elemena, &C., m among which t^ ^ands are neatly packed. 

In the pro c e ss of their devtlopmental outgrowth. Elands znsy semund 
adjacent structore* (such m voaiela and nerves) which then come to be 
embedded m their substance. For example, the exteroal carotid artery and 
the blanche* of the fkstl nerve ran throligh the middle of the parotid 
gknd and, in the same way the pan creas almost encircles the superior 
mescntenc artery and vein. 


4 THE ANATOMY OF SECRETION 
TTie actlvi^ of a glandular cell is reflected in ha mteroal anatumy 
A seere to ry phase b usually first indicated by the appearance in the cyto- 
plttm of mmuto granalei winch can often be dememstrated by selecove 
stamii^ In the case of mucni secreting cdlla, these granules are composed 
of a called stuqjvs, and they make their first appearance near 

the free border of the celL They become rapidly tranafonned Into dear 
dropleb of mucus which run together to form a confluent mass, often 
dif^ding the cell so that it — iwnf* the cfaa i a cteri ttK; shape of a goblet 
cell Fioilb the mucus b dbehtrged at the free surbee (Le. the dls* 
charging pole) of the oil, and the btter collapse*. In the case of serous 
which elaborate enajm es, the gnnuki are highly refrmetile and are 
composed of a substance called Mvwogtn. Thej un^y appear first m the 
middle part of the cell, between the nadcu* and the free border With the 
progre* of gWiokr accrvity they Incretae in number and, apparently 0 
the rcfuh oAmbibing water they also grow larger and stsia leaa intensely 
Their accumubtion in the cytoplasm frequently dbplaccs the nucleus 
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toTTirdi the bull end of the cell Some of the granolei may become con- 
verted mto conipicuoui vECUolet, ipparcntly *» the re«ult of l iqu em otion. 
Fmilly the eccretion granules and vacuoles become pushed towardi the 
di»char|mg pole of the cell and, on thar liberation, the zymogen is con- 
verted mto an active enzyme (Fig 86) , 

S e cret ory products appear to be formed m close relation to the mito- 
chondrial dements of the cytoplasm, and tt has been suggested, therefore, 
tWt mitochondns arc directly tranaformed Into these products. I>etailtd 



Fto. Sd. Dkfnm QhiKminf •chsnstictib' the t e e enri m] ekjTwmti of dmdulcr oah 
ead the cytle af x a c uit v eettrity to a eeroot gbad. lo the cell on the len is tlicwn tfa« 
■Pp w >CB of tlM Oolri eppmtus « H esn be dsmonetrstod bf srcdil stein tag roetbods 
^VcLae the prodocts of e oa e ti op ere syntbeeind in the t y to pton feocnOy they appear 
to become e eg r egst td in tbe fonn f i^milee in doee rdetlaQ to Um Golfi sppentus. 
The gmulet (n ske end mrm&r end txsd to cesnproa the nucleus to w sr ds Um 

be«J cod of tbe ceP. At tbs seme time some of tbe mnnlee b ern rrw enorcited. by 
pracese of fiquefectkxi, btto co t tt ptc u ous -refooVs. At bd^a t of se tjeto cy sul « a y tbe 
pnaika snd die cootents of the recuoks sre dJechsised st the free end f tbe cdL Tbe 
b**s l ods of tbe esQs sn sepented by tbe I semmt menbrane (**) fro m tbe blood 
c spiTit rirt end (oa deeper plsnt) I jmp hebc pkrxis. Secrtto-cootnr neree flbra m 
ebovn p m etr stin g tbe Eiesemw tnembesne to costect with tbs stufece of tbe (kud 
ccQs (or sccordisf to tbe elev of some UstoloeieO wUefa is not f cw sfly socepted, 
actssCy termfoethia wimis the ctH) 

cytologicd studies have shown such a conception to be incorrect never 
thdcai it remains probable that mitoebondna do mdircctly play an im 
poTtant part in the secretory actrvity of tbe cell Another dement of the 
cell which is also concerned m some way with tbe formation of secretion 
granules u the Golgi ippiratus. This structure undergoes chaiactemtic 
changes m relation to glandular activity and appears constantly to take m> g 


Golgi apparatus has therefore been taken as an mdicabon 
j ^ sec retory polarity of cdli of endoenne glands m which there u no 
duct system. According to Ludford,* mtracdlular cniymes are located at 
the surface of the nutochondna and it u here that the actual syntheda of 

f twining of nonnsl snd msbgnsnt c*Us Pnc. Jfsy 
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tnmnd doctnlc*. Tbo^ibule* ooljr become well defined by connectiTe* 

tusue eepti shortly after Hrth. 

Mott glands arc provided with CQnnectrre'tisfue ciptules which in tome 
C3wc» Htty form a rclitiTely dense fitscttlrarettment This hts a suppcfftfaig 
functi on and, where It contains an element of nrv fri p i^d musde, it may 
pl^a part m einreasin g secretory products. 

The detsHs^of the shape assumed by a gland are largely a reflection 
of the p r e ss ure of surrounding structures. It should be rccognbed that 
gla n dule tissue (as it occurs in bulk) Is exceptionslly plastic and there f ore 
readily moulded by extemsl force*. For enmple, the Hver shows on ha 
surface certs in impressknts for whkh surrounamg structures such ts the 
stomach, oesophagus, inferior Tens cars, and right kidney are responsible. 
Moreorer the impressions formed by ^IIow visctri raiy In sppearancc 
from tune to thne m relation to the disttnsHm and emptying of tM latter 
The precise shape and contour of solid glandular organs m the abdomiml 
cavity as seen m the diasecticg room, tboefore, will depend to some extent 
on the potidon and condidon of netghbouiing v isce is st the dme of d eath . 
Glandular organs m the neck are tin mould^ in relatum to neighboUimg 
structures. It ts customary m topognphical anatomy to describe Tsnoos 
grooves, eminences, sod surfiiccs on the thyroid and salivtry glands these 
are merely the impresaloas of neighboonng blood vessels, musdes, bony 
dementi, &c. m among which the glands are neatly packed, 

In the pro ca s of tbdr derd opm ental outgrowth, ^[iinds iday sorrousd 
adjacent structures (such as vessels and oems) wmch then come to be 
embedded in thdr substance. For example, the external esrodd artery and 
the branches of the ftaal nerve run throtigh the middle of the parodd 
gland and, in the same wty the p ancreas almost encircles the superior 
mesenteric artery and vein. 


4 THE ANATOMY OF BECRETION 

The aedvite of a glandular cell is reflected m its mtemal snatomy 
A secretory phase is usually first indicsted br the appearance in the cyto- 
plasm of mhnite granules which can oden be demonstrated by sdeedre 
ftaming In the case of mucus secreting edit, these grannies are composed 
of a fiustance muagm^ and they their first a ppe a rance near 

the free border of the cdL They become rapidly transformed into dear 
droplets of mucus which run together to form a confluent masa, oftai 
fTttiWiHing the cdl so that it assumes the chiractensdc shspe of a goblet 
cdT Finally the mucus is discharged at tlw free auiface (Le. the da- 
durging pole) of the cell, and the I^ter coQapsea. In the case of serous 
which eiaboiate ensymes, the granules are highly refractfle and are 
coroMsed of a substance called mtqrss. They ustuHy appear first in the 
part of the cell, be t wee n the naclem ai^ the free border With the 
plug l e ss of dandolir a c ti v i ty they incr e ase m number and, apparently as 
the result of imbibing water they also grow lar ger and stain less intensely 
Their accumuUtioo m the cytoplasm fiwpientiy displaces the nocleas 
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um of the duct lyitcm m the tdulL The opcmng of the duct mtrfci the 
rite of the embryomc outerowth, a ringle duct suggest! that the gland has 
been developed from a nngle divcrtjculnm, while two or more ducts are 
mduative 01 multiple diverticula, 

A* the diverticular proc ea s of a gland grows out it usually brsnehes by 
successive dichotomy so as uhimatelY to form a senea of ductules ■which 
umte evenly in successive stages to ronn the laiwer ducta. Exceptions to 
thn arrangement, however may be found, as in the pancreas where a mam 
longitudinal duct runa the whole length of the gland rcccivnig secondary 
triinrtanea as h couiaea towards the duodenum, 

ftifw the mrtfl d iverti cular outgrowth forms the duct of the mature 
gland. It follow! that the duct is the primary formation from which the 
secretory elements of the gland are ultimately differentiated, Thu develop- 
mental potency of the duct epithelium h m many cases retained m the 
adult for as 'we ihall see, regeneration and repair of secretory acmi can 
tike place by Ha proliferation. 

In the kidney the development of the mam duct (the ureter) occurs 
independently of the development of the secretory clanents of the renal 
tubxiiei, the two component parts of the system becoming secondarily con 
aected up with each other Even In this case, bowevtx the renal tilbules 
apparent develop under the influence of the uretcnc diverticulum, for tt 
on been shown 1:7 embryological and expenmental studies that, m some 
anmals, if the ureter fails to devdop ojffeientiaQcm of the embryonic 
kidney tissue (the metanephne tubules) does not occur > 

Lh^ Is koowti of the fsetors winch initiate and control the development 
of glandular structurea in the embryo By analogy they may be presumed 
to depend, at least partly on processes of mduction by surrounding tisauea. 
The development of the kidney m response to the uiucnxx of the uretcnc 
outgrowth u an example of this. In the case of the endoerme glands it is 
known by expenmeni studia on amphibian larvae that the devdopment 
of the thyroid gland depends on the presence of the developitig pituitary 
gland, and there is abundant evidence to show that the full developtncnt <rf 
the accessory sexual glands is conditioned by the activity of the appropriate 
sex hormones 

Embryonic rudiments of glandular tissue can also in tome coses undergo 
a surprising degree of sclf-diffcrentiatiim when transplanted away from 
their normal drrelopmeDtal enviramDait. For counple, if the embryonic 
stomich of I r4-day rat embryo is grafted mto the anterior chamber of 
the eye of an sduh animal, it differentiates to form a typical gastric mucoea 
wttlr^ and nhnds, and the different types of ccHular element also become 
clearly recogniiible. Similar transplants of embryonic intestine form viUi 
md intestinal glanda, aa 'weD as mucous cetia m the epithelium. Moreover 
w dnadir *xlA longitudinal muscle coots of the mtestme also become 
differentiated.* Another senes of expeninents has shown if the 
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•ccretory product* fint occua. Theae product* tlxen difluie out fnto tlie 
tUTTOtnidmg cytopl**m ind *re cancentrtted into dijcrete droplet* or 
granule* in the mtervdces of tlie Golgi appmtn*. 'Wberther this 0 snnply 
a i irfa ce pbeaomeiKm, the Oolgi appanttus actmg ptatmtj as a sort of 
cand en aation membrane, or wheth» the apparatus is concenied more 
directly with the formatioo of the secretlofl, tcetiM uncertain. The Wf 
might be expected to be the cate if, t» generallj supposed, the Gdgi 
ipperatos represent* a focal centre of synthkk pro cc iees In tlu ceIL< 

The final discharge of the secretKm at tl^ surfiice of a cell maj be 
brought about in tereral way*. In kolotnta glanda the whole ceQ, hanng 

tion. The cdl diet and the •eattory products are thereby set 
extravagant method of a e c re d oo ia found in the sebaceoua glands of the 
■Hn It Involves the coctmoous proliferative actrrl^ofbaaal cells m order 
to replace those which are destroyed m the process of secretion. In 
mns glands, only the free or supexfidal part of the cell disintesrates. The 
basal portion with the nucleoa remain* inttet and provide* basis for 
the regeneration of the whole ce£L Such a tvpc of gland is rep r esented by 
certam types of sweat gland and also by the mamma nr ghmd. A more 
economic*! method of secretioo » ahown by epsows gimdi, which con- 
stitute most of the glands m the body In this case the secretory pro- 
duct* are disc ha r ged on to the curfue without any diirupticin of the cell 
These d iil ercnt modes of secretory discharge are in pan related to the 
nature of the secretoev substance. Viscous snbstancea are not able to piss 
through the intact cell monbrane, to that the latter is necessarily roptnred 
by their discharge- Thb la what occur* in apocrine gland*. Sebum h 
evidently too viscoiit to be released in this way and so the ceBa of the 
sebaceous glands have to dkmtegnte entirdy In order to dhchaige thor 
•ecrction. 

In some secretory cells a system of intracellular canaheuh ha* been 
dewaibcd, throosh which the secretion is comhicted to the exterior It 
teems doubtful, oowerer whether these are real morphological entities, 
for tbe possibility ha* not been that the^ may be artefact* pro- 

duct during the course df histological preparation of the tiSBues, 

Fiooi the above description it wfll be realized that phases of ghndultr 
actifit^ can be followed to some extent by purely anatomical methods 
These method* alkrw a study of the effects of phsnnaoologKal agent* or 
nerveras stimulation, and the secr eto ry hmcdons of celli wlu^ sigmficance 
is otbcTWue doubtful can thus be estiblitbed. 


5 THB EMBRYOLOGY OF SECRETION 
We hare noted tK«t, m most ctset, glands are developed aa dherticukr 
outgrowths from epithelial surface*, rad that tbe pedh^ of each diverti 
calmo e ventua lly forma the duct of the ghmd. In genersL therefor^ tba 
derelopmcntil origm of any gknd can usually be inferred by a considert 

B*« R. H. Bows, "TU eytotear rf Jtm, Bid. * 
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Ai regtrdt codocnne RUndt, there is good evidence that these also 
commence to functoon donng rntra-Mtenne h{e« The pitmtary gland 
ihcnss quite a ccomderable dwrce of histological differcnttition by the^ 
twelfth week, and an extract from a pitmttiry gland of an eight weeks 
brnn^q foctui giTcs the chanctenstjc melanophote rcactxon- In the 
thyroid gland, colknd TTta tenal tw o he demonitratcd 10 the vesiclea at 
eleven weeks, and the hning celU give the appearance of being actively 
engaged in a c c retion. lodme has been found to be present id the gland 
m the nxth month. The adrenal glanda arc remarkably large at birth, as 
the result ot the great h yper tro phy of a Kme of cells m the cortex (some 
tunes called tlw: foetal cortex*) Shortty after birth this ame undergoes 
rapid regresnon and finally disappears its function is stiU a matter of 
conjectnie. The tneduila of the adrenal gland elaborates adrenalin ^tc 
early in the embryonic life of nuitv mammals, but m man it has not been 
found to be present to any significant extent unui shortly before birth. 
The inter^ secretions of the sex ^ands are of considerable derdop- 
mcntal importance m the embryo for under their influence the develop- 
mart Slid diflferentiition of the gemtal apparatus are partly determined 
and directed. Defect* m the devdopment of the genital organs may thus 
be the result of an abnormal hortnoml envtronmtDt* 


6 GROWTH AND REPAIR OF MUCOUS MEMBRANES 
AND GLANDS 


The eprthelniai covering mucous membranes, like the epidennia of the 
ikm, poMetsei considerable power* of repcir This is pamculariy em 
p hat i r ed m the case of the columnar eprthehum of the uterus, a laiw 
proportion of which is denuded and regenerated in each menstrual cycle. 
In the intestinal mucosa, mitoses are frequently to be seen m the base and 
walls of the glandular crypts , and thu prohferstivc actmty provides the 
bssit for the recencntion of epithelium aiui urtestinal glands which occurs 
after local inpnes. 

The gastric mucosa has similar rcpaiabTe propertiea. Ferguson* has 
shown that, i£ a piece of mucous mesnhtane as Urge a* as tq cm. ts removed 
from the stomach of a dog it becomes rapidly rege n erated (with the forma 
tioQ of new gUnds) new epithelium extending m from the margin at the 
rate of a mm. a vredt.* 

The transitional epithelium of the unna^ tract ti rcgcDcrated from the 
ba^ and central layer* m which mitotic %urea occur reguh^ * 

Even m some of the larger and more spetaalieed glands, con«dcrablc 
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rudtmcnt* of tbo ncphnc region of lo-ia day nbbit anbiyo* are grafted 
on to tbe omeiitnm, they may devdop into complete but minute hdneyt. 

The main glands of the alimcntaiy system commcDce tbeu^ derelopmeitt 
at a very early stage. The liver dirtrticulnm first appears m the * 5 non. 
hu - fTi an embrro and the pancreatic ontgiiwiln arc sw»fi in embryos of 
ytb^mm, The salrvaiTj^dactamaeDcetheir formation a htriel^—at 
the sixth wedk of development, while the sm^| |w glands of tbe intestinal 
macxaa do not appear tul tbe third month. Cutaneous glsofl* begin to 
develop still later— -the sweat glands In tbe fourth tnontb, sebaceous glands 
and tbe mammary glands in tbe fifth month. There is no evidence that 
the sweat gUndi are functional before birth. On the other hand the 
sebKeous gunds are certainly active at this tune for they provide an oflj 

C 'ectiTe covering to tbe skin which, with desquamated eptthdxnm tod 
IS called the vtntix cauota, 

Glandolar r^iTIt do not reach tbdr lull differentlatton until their Ktrc- 
tory fun ed oos are enmment Insomeclands this occurs qmte early dnrmg 
foetal hfe. 

There Is some evidence that tbe production of dkeadve enxymes may 
occur some dme before birth, for Keene and Howtrlomid that proteolytic 
fer menti are present In the alimentary tract of tl^ human foetns at sixteen 
weeks, and pancreatic Dpese at tdnet^ weeks on the other hand, aaba- 
faydrate tphttmg fennenta are rerr rare at twenty four weeks and are 
not constant even at full teem. However these results require to be 
acc e p t ed with caution fu tbe autbors point out) there are many dlffi- 
curaes in tbe asseia nsent ot an im est lgatH m sMrb as tins which is nsde cn 
stflibam (and therefore not normal) human foetuses.* 

The true Udoi^ can probably p q f o t m at ci e Uny fonctioos in the human 
emb r yo as eady as tbe rihitb we^ though unxlef normal cocdbions they 
are certamiy negligible significance. It is known that embryos in 
which both kidneys him failed to develop mn be otherwise q ui te oormsl 
atbirth. In tbe uterus tbe placenta provldest^ main exoetcnyspptrxtos 
of the foetus and mimedktely after birth tbe role is suddenly tnirwerred 
to tbe kidneys. In sssoastian with this abrupt change there is sn ecpnlly 
abrupt modificatKm m the structure of tbe renal elotneruhn.* Before 
birth the riomerulus u cov er ed bv s columnar cpitheHum which hts a 
correspon&igly krw permesHUty Soon after birm tbe qpanslnn of the 
^ome^os (tssoofted with an Inocased blood flow to the kidnevs) leads 
to a rupture of the «yihwTinar epUbebum which is replaced by tn extremely 
thin layer of pavement cells (the visceral Iin^ o{ Bowman s capsule). 
The raultine in cr ease in permeability grestty facilitates the proccw m 
fihiatian at tbe glamerahis. 
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can be induced by the injection of Uige doses of cortm-* Sinulariy regres- 
sive cianga m tbe thyroid ^and follow the admuuatration of exemive 
imonnu of thyroid citiicL* It thus that the smount of olandulsr 

tifcue which is formed by g rowt h and dificrentistioD is at least partly related 
to the functional detDsrufi for the active prinaplc which it elaborates, 
Perbips the most atrikmg example of the relation of glandular growth to 
function is shown by the mammary glands. Up till puberty m the female, 
these CDQstst of httle more than a Mmphhed duct system in whiA the 
potentialities for the development of active secretory tissue remain quiescent 
until It If required. At puberty the gland abowi itt first marked ctpannon 
by the ptoWera^ of the duct system but, until pregnancy occurs, the 
actual alveoU of the gland are only developed to a very rudimentary degree. 
During pregnancy alveoli become differentiated, and secretory activity 
coromeocet. Active secretion continuca after partuntwn until weamng 
occurs, when, u the result of the fact tlwl the Kcxtdonisno longer removed 
by sudding, the mammary gland undetroea a stnictural mv^tion and 
once more enters on a quiescent phase. TT>e development and growth of 
the mammary gland have been ahown by experimental anatomy to be con 
trolled by a senea of hormonal tnftuencca, and sinular faciors arc concerned 
with the growth of the accessory sex glands m the male. 


7 THE VASCUUUt AND NERVE SUPPLY OP GLANDS 


Actively functional glands are nchly vascular In the case of exocnoe 
glands the blood co n v e ys to the cells ^ matenal from which the specific 
secretory substances are elaborated, and in the endocrine glands it also 
serves to transport the products of secretion to other parts of the body 
As might be expected, th eref ore, the vascularity of endoenne is greater 
than that of exocins glaada. 

In most glands the mam vessel of supply e n ters at a feirty definite pomt, 
the hilum, and is distributed along the course of the duct system when 
this Is present. The vascular pattern formed by the terminal capillancs 
u a reflection of the ctQulai airanacment in the gland and sections of 
glsndf in which the vessels have been injected therefore show in 
outline the disposition of these cdls m alvcoh, lobules or columns. In a 
previous section (p 187) reference has already been made to the presence 
m some glands rf aitenovenous anastomoses which provide a regulating 
mcchmiinj through which the orculation can bo adjusted to secrctorv 
activity 

In the case of endoenne glanda, the demand for an mtunate rdatiem 
between the blood and the aecretory cdls a met by the fonnation of sinu 
•tiidil capiUanes. B cav dea showina local dflatatlons which pertmt of a 
slowmg up of the blood stream, these vessels have extreme^ thm 
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regcnendon may occur after partial destruction of le ge tor y dwoe. In tte 
rat, for example, the Ijver may be r e aiar e d to tti nnrm<1 ifter 

removal of as much la two*thirdf of Its bulk, regeoeration IvJng comptete 
m three week*,* Pancreatic tlaaue can be formed anew from duct cpithc- 
lium. Grauer> found that if the pancreas of a rabbit ia almost entirdy 
extirpated, leanng only a ayi te iu of branching duct*, it is reatored to na 
nori^ state In twenty five efa^ both «nnl and ialeti (k Langerhans bdog 
regenerated. In another senea of eip e m nmt^ by Shaw and T.»timw i 
portiooa of the pancreatic duct were transplanted into the intestinal wiS 
in wholly or partial^ dogs, and in some of these ctaea 

new acini ana islet tasue were formed from the transplants. Further nev 
ducts can be formed m the process of regeneration, for if the main pan- 
creatic duct is ligatured, a new duct may grow out bum the praxnnal end 
and effect a Actional muon with the oo^ part -of the pancxeta.'^ 

In relation to the regeneratiTe capacity of glandiilar tusue, we may 
mention the compen sac ory hypei tr op hy which ocam under certain or 
curostancea. If one fadney is removed, it is found that the o pp o axte kidney 
enlarges. At first this enlargement is merely a transient pseudo-hyper 
trophy due to vascular congestion, but tha t» eventually followed by a true 
h y p ertr ophy • The ^omguH renal tubnJea become enlarged much 
ab^ tbdr normal stse, but they show no inoease m number A sunllar 
bypertiuphy of a single bdney Lis been described m a case of cosgtaiital 
abaence of the other kidney and ureter in man.* That tbh faypertropbr u 


condMoned by fnncaontl demanda ^er bnth b indicated by aDOtber 
observation, titat m a human foetus showing congenital absence of one 
kidney the resnahiiiig kidney may be normal m nxe. Ey p n imgntal stod k a on 
young rats have also emphasired the rdaiion between the gr owth of Jddney 
tissue and the work imposed on it, for not only doe* the yow tfa rats vary 
m the direction of the protein content of the diet, but if one hdney h 
removed and the protein mtake increased the remaining kidney may even 
become larger thm the original two Iddneya.^ 

Parallel observatians have been made on certam endo crin e gltnda. For 
example, if one adrenal gland it ranoved in a rst, the rrmrining gland 
become* markedly hyper tr o p hied witfahi a few day*.* TTii* hypertrepby 
c»n bo inbihrted by administiwtlan of the scrive principle of the »dren*l 
cortex, cortuu In the normal dto atrophy of me adrenal gkndi 
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the retaui »n even calibre and they arc separated from the glandular 
celU by a timi layer of penthclul tissue. 

Glandi arc commonly provided ^th a nch plexus of lytnphatic capH 
Unes which, horPcver do not have inch an mtnnate reknonalup with the 
accretory elements as the blood captllanes. The lymph flow from a gUnd 
IS increased durmg secretory activi^ but this is evidently secondary to 
the Increased blood flow 

Entenng glands m company with blood vessels are atwayi to be found 
fine nerve plraises derived from the autonomic nervous system. If these 
nerves are foDowed anatoimcalty to thor termination, of them are 
seen to end m relation to vessel walls in other words, they arc vasomotor 
nerves and through them the se cr e to ry activity of the gland can be modified 
indirectly by vasoconstnenon or vasodilatation. 

In the case of some glsnds, nerve terminals can be traced mto direct 
ndsnon with secretory thus providing an anatomical basu for the 
existence of actual secrcto-motor nerves. Such nerves are found, for 
example, m the sweat glands, the tahvarv glsnds, the pancreas and the 
medmlt of the adrenal Physiological observation hM in some cases 
demonstrated the p re s ence of these secreto-motor fibres, but die difficulty 
in such expenroents is to diffcrcntutc between the effects of nerve stimnk 
non which are due to a direct actrraciOQ of gdsndolar cells and those which 
are the secemdary resuh of vasodilatation. In the salivary glands this 
differentuoon has been made by cA»erying that the secretorv pressure may 
exceed the intr^landular blood pressure, and that, after the injection of 
atropln, tnmuknon of the chorda tympani produces vasodilamron without 
Inducing secretory a ctivity In the sweat glands, again, it has been found 
that sympathetic stimulation can induce secretion even m the absence of a 
cutaneous arcaktion. 

In many ^ands (such as the thyroid gknd, the liver and the adrenal 
cortex) repeated experimentation has noled to show any convincmg 
eviden ce that their secretion is under direct nervous control In these 
structures, the terminal nerve fibres appear histologically to be all related 
to blood vessels rather than to the glandular ceils themselves. 

In Its relation to the nervous system, the medulla of the adrenal gland 
occupfea a urncme position, for here the glandular ccHs are morphologically 
equivalent to me post-ganghonic neurons of the sympathetic system (see 
P 3^0 They are therefore directly mnervated by pregangjkmic neurons, 
and stnnulanon of the splanidmx ne rv es leads to an outpouring of theu 
secTenon, adrenalin, into the blood stream. 

Tbe posterior lobe of the pituitary gland bong denved embryologicallr 
from an outgrowth of the fore-brain, u innervated directly from the central 
nervous system by a tract of fibres (the suoraopUco-hy^hystsl tract) 
which enters It frtan the hypothalamus. The functional importance of thu 
tract ts indicated by the that, if it u inter r u p t ed, a condition of diabetes 
limpidut' rpT u n. 
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Trhich »re composed of Ihtle more than s smgle kycr of endothtlnl ctU*. 
The blood cm therefore be broaght into the dcawt p ioilm ity with the 
glmduUr cella. The contrut betwe ea the v**cultr tupply of endocrine 
md cxocrme giinds may be illmtrated by r eferen ce to the pmattt m 
trhldi endoerme tiasoe b Kittered^ the fonn of the alets of Langerban*) 
Ihrou^Knit the aemtr formatKm* (rig 87) 

The poncrcaa U auppUed from three artene* (probably m relation to 
the fact that the ghod tt d er ived enabryologically mnn multiple direiticula 



nrtertes m UMk, tnd tb« itte* pnahfaw of •» Urt of b 
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of the alimentary tube) Thcae veaada break up to form an Interiobular 
piezo* from which blood t» dhtcOmted to the lobule*. Acconfiog to 
Wharton, the blood in the lamer lobolea firvt paaac* to the hkt tmue, 
and th«i fonxta a terminal capiuary plezua among the extenudly secreting 
■f4n4. In the itleta the rewds are luge and simiiioTdi] in character bong 
tortoou* and lined by a simple endothchal layer s up p or ted only by scanty 
atranda of conoeenve dssne. Some end In blmd pouches sumxmded by 
blet The c£erent Tcsads Craan the islets are smaller in calibre. It t* 
su gg ested that the wide calibre of the vcaaela In the islets, the blind 
pouches, and the *man ibe of the efferent resael* wfll neccasarfly produce 
a slowing of the blood stream and In this way assiat in the absorption of 
the which is clabomed by the islet ceils. The capfllary plexti* 

related to the semi of the pancrcsi shows none of these speoil adsptstl 00 a 
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THE STRUCTURE OF THE SKIN zn 

polygonil m shipe, the d ee pe s t tending to a ^Imdncal colmnnar form, and 
the most superficial becoming somewhat flattened. Active mitotic pro lifers 
tion place m the deeper lafsra, fhe development of new celia leading 

to a gradual displacement of the older cella towards the aurface, Hencethia 

y^r i tnm a alio Called the stratuM gemauiUvwfu Iti proliferative activity ii 
mtermittent and vanes from one area of akm to another at any particula r 
tune. Aa might be expected, it is most tnaded m those re^ons of the a^m 
which are most exposed to the eSects of pressure and fnction. 



FlQ. SS. Dncnm OltKtnta^ Um ttrudure of l^4n corerrd with papQkiy ridfca. The 
w ston^ (,Si 1 r« Men in tb« deeper pan f tfa dannk tod th^ chxti are tbcm 
pcMinf up tfaroosb tbe eplderom to open u uitoute on£ce* (So.) Blona dj* of tfae 

pspittn y ridfc*. A Meiicner coipu*el« (Afc) b depicted m one of tbe deuju ] pepiQM 
Bod a PacadaD coTp*i*eb (/V ) m toe deep pan of tbe dermii. Deep to tba denub b the 
nhcataaeoai bt (A 1 TbeTaraxM atr«taottbacpidrnnaate in dira tf i J ,atr cocseum (•& ), 
itt. hndirm (SL\ ttr framdoautD (^ ) and theftraUKO of MalptgtU (£r.). 

The epidenms Is quite avascular and be t we en the cells of the stratum 
genmnauvum there are fine mtercellular chmnels which probably allow 
the transmission of nutrient fluids denved fium the capillary blood vessels 
in the sulyacent denna. These channels are bndged across by delicate 
protoplastnk threads connectmg one cell with another The strattan genni 
natiTum, therefore, is actually a nmcytium of cells. The reality of this 
STOcytmm hat be® demonstrated by Chambers and Rinyi* bj micro- 
thsse cuofl of the hvmg cells of human epidermis. They found that the 
cytoplasm of the ceDs of the stratum gcrmautivum is particulaHy tough 
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SKIN 


T he wbole of the surfice of tiie body U c o r er ed by i liw of ikin, whlcfa 
tbui provide* * protectiTe cutido for ill the underiyM tinaei. Even 
the tnnipiront come* of the eye u ortriild by * contmuooi Ityer of 
modified tkia. The ikm ilto tunii in ft) line orifice* fuch is the month, 
nostrils, mditorj coeitai end tml cansl. 

Besides its otmonsly protectrre vilue, the serves s mnnber of other 
importmt funedoos whkdi ire relited to the fict tbit h forms i sur&ce of 
CDDtict b etw e en the orgtmtmvfhtcbh covn sindtheexterMl en t l fumiiqit. 
For eximple it plays m Impcrrfttnt part in the tcmperituie rvulitlon of 
the body by lurfacc evaporxtioa, ind the cooh^ of the blood m hs 
sftperficM ciptUifT ves*^ It nds In pro ce s se s of exaction by its sweat 
glands, tnd, nnee It Is impervious to weter It helps to conserve the mols> 
ture of underlying fttsues It iko provides tn exteawre sccsofy surface 
ndily itrevm with nerre esdlDgi for the sppi e c Mttaon of gcnexal sensosy 
sttmulu There ire yet other funedom whi^ cm be tscri]^ to the din, 
ind which will be considered m the Uttr eecdans of this dispter 


1 THE STRUCrURB OP THE SKIN 

The iHn consisti of i soperfioil liyer of stntified epiibelhnn— the 
eptdermu — Uid on * foandmon of firm con n ec ti v e ti*n» — the dtrma, 
coman, or cvtir oero. Its tbicfcness shows considershle regional Tantfions, 
rangmg m the human body from leas than ^ of a millimetre up to 3 or even 
4 nmlmetres. It b geoe^y thicker on exieu sc i r than on Bezor surfaces, 
but IS thickest on the pthns of the hands and the sedes of the feet. Since it 
is well recognired that an irei of aHn whicb is exposed to pressure tod 
friction becomes thickened, It miy be uaumed thift the thlrirorss of the 
■Idn on the palms tnd soles is reltted to these factors, and it is interesUng 
to note, therefore, that the pihntr and plantar skin are already well 
developed before birth. 

Epidermis The stratified athhelhim of the epidermis is superficitlly 
conv er ted into comified mstensl which is contmuiDy bemg worn twty by 
usage, and u contmually being replaced by proH feiati oo from the deeper 
strata. Consequently rts Uyen represent er er r transition from basil 
with wtD'defined nucici to supetficiil flaky dam in which the nadd and 
all endeoco of cell structure have diaappoued (Fig. 89). 

In a typical part of the epidenni* thw can be recognised a number of 
different strata In which tne cdls have distmctiTB anatomical featur^ 
From below tbo first stratum is the Uyrr 0/ Ma^igkt. Its cells are mostly 

Boom fc> Um pw< h«T< b««o tMpted to w io lliit p b i uu i Twnrvi m 

iln« of (Im ieberitieca of acxialiTd rfatrwwt *. 
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polygonil in ihapc, the deepest tending to a cylindrical columnar fonn, and 
the most superficial becoming tomewbat flattened. Active mitotic prolifcn 
non t*V»^ place m tlie deeper layers, the development of new cdli leading 
to a gradual displacement of the older celU towards the surface. Hence this 
stratum is also the rfnitwn germouifiruj}* Its proliferative activity is 
mtermittent and vanes from one area of skin to an^er at any pamcmar 
time. As might be expected, it b most marked m those regions of the skin 
which arc most exposed to the effects of pressure and fnction. 



^ r ^Pz 


Fro. SS. D ijyro tD urtitll tn the ftruettm of iHn c i >rea-wi with p^pillvy ndfci. TIm 
•*(■1 ^«nd« 1 cn tcoi m ibe derper |wrt of tbe domh tncl tfam docti «n thomt 

trenn^ tb« epki mnt i to open *1 rntnof onfica ) slocf tb« mmmiti of tb* 
P*pQUt 7 ridtw. A Mriatner corpu^ (Me) b dcpkttd m ooc of tb* detmd papfllM 
tPd » P» cnri»o corm»d« (iV ) in tb« dc«p twtt of the df rmii . Devp to tbe dc iuih v ibe 
t nl N ii l i n e um ftt (FV Thevv;iw*ctrtao<ibo«pidncabtreiiulk*tni.ttr cotneomfSe) 
•tr forVftm ttr tnooloaom (4f ) tbl the lUHuu i of Milpiafal (^w.). 

The epidenna u quite avascular and betw e en the ceUa of the stratum 
ger mirttttT um there arc fine mtercellular channels which probably aDow 
the transmission of nutrient fluids derived from the capillary blood itasels 
in the subjacent denma. These channels are bndgeo across by delicate 
protoplasmic threads connecting one cell with another The stratum genm 
natiTUm, therefore, is actually a eyncTtium of cells. The reality of this 
^ncytnim has be« demons^ted by Chambers and Rinyi* by micro- 
dissecuon of the Imng ctEi of human epidermis They found that the 
cytoplasm of the ceDa of the stratum gerinmativum ts particularly tough 

. R- Oum bm and O 8 TUnyi. Tb* pbT>k«l nbjVmiblps of the Q«n« in epitbeli* 
Ajo»r as iflaj, »- 



»nd re*i*tint (contrtrtuig with the toft anfl nsad cytoplam of epftheEtl 
cells lining mucous ma^ranes) and the numcmui protoplismic badges 
bf which they are united require accne force to break through. If one cell 
of a group IB dcUbciatdy injured, the effects of the mjury (resulting in 
coapilibon of the nucleus) rapidly spread to cdgfabouang celli by rMm 
of this direct continuity ii t^ of the snperfcal strata of the epider 

nus, the protoplasmic connciioas arc no longer present or they are so 




Fta. 89. ADenpbot a g i^ s b of th* opUtnait of 0 ITj* rviouo »tna of tbo 

epidtrah m oridatt ^ S tnUMU uitimuu, SL Stmua tuckhns, ^ Bcatm 
kMum, aod Sm. of MAlplshl lo the doepeot law of aTratiP of M tJplsP * 

can b« aaan crQ in tba tTWhain of mitodc dirkco f ^ Hm flaa fattamOoltr i*^* 
caovskm Lm w vau tna calla of tba aii t uM of BlaMsbl can ba fitlndy <liaccnn. 

Iklafni&atiaD x 65a approx. (FtMaiat>pt> kot by K. C. RUtarnn.) 

bottle that they catOy break, to that these cells can readily be separated 
from each other 

Intracellular fibrils are commonly described and depicted in the ceUi of 
the gennmaJ stratum, continuotts from cell to cell and reinforcing the syn 
rytial cooncxKjni. Micro-dissecnoo of ^eah tissue, howerer indicates thst 
these fibnlt probably do not exist as anatomical entfuei. Their appearance 
is apparently due to tension lines In a structurally ho mo geneous cytoplasm. 


caovskm Lm w vxu tn* c*IU of tb« ttiatoDi of I 
Iklafni&aOaD xBroepprox. (Fho maiip h tot b 


the Tfrfftfm irtKuhsxjiu The ccDs are flattened and contain in thdr cyto- 
plasm an abundance of granules which stain coatpicuoQtly with haems 
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toxyha and otter dyet. These granules are compose^ of a colloid raatcriih 
and tW arc beterred to represent the first tta^ m the tranaformatioii of 
the tpuisrtQai cglU into a homy toAtcriat — ktratxn 
More fuperficial la iiruiurn l ucidwn — ao called because it has a clear 
translucent appearance in stained aectiona. At this level of t hci f growth 

towards the surface, the ceUt have lost their clear-cut outline, the mida are 

becoming mdistinct, the grsnulea of the subjacent stratum have become 
converts into larger maaaea of an achromatic aubetince 
The surface stratum f o rma the greater part of the whole thicfcoea* of the 
cpidenma in many parts of the sksu Because of the horny ch a r acter of the 
ccUular elementa whidi compose it, it it odled the straiifffi eomeiPfU Nuclei 
are no longer evident in th^ efetoents, ccH structure has become com- 
pletely obacured, and from below upwai^ the flattened remains of cells 
become gradually converted into conufied flakes The stratum comeum is 
travetaedby the ducts of sweat glands and by bsora where these are preaent. 

The relative thickness of the vanoos strata of the epidermis sho^ some 
load vanitiems. The stratum luadom and stratum granulosum may be 
otrcnidy dun of quite absent The stratum comeum and stratum germi 
hatrvum, on the other hand, are always present These variations nsturally 
raise the quesnon whether the granules so characteristic of the stratum 
granulosum really represent a stage in the formation of keratm, since it 
appears that keratmintioQ can proceed without their fonninon. This 
d^t u emphastxed by the abrupt transition from the stratum granulosum 
to tbe ftratuffl tuddum, ss well as the sharp contrast in their staining pro- 
pettiea. Further it may be noted that m the embryo the stratum comeum 
ts developed before the stratum granuloaum becot^ differentiaied, while 
in the adult there is no constant relation between the thickness of th^e 
two strata. In fact, the biochemical processes involved m the conuficabon 
of the epidermal cells ttHl remain nrthcr obacure. 

Dermis The demua or corram connsta of a dense feltwork of con 
uective tissue in which bundles of collagenous fibres predominate, mingled 
witb a certim proportioa of ckiuc tiasue m superficial levels. The elastic 
time gives contidaable resilience to the ikm so that it can adapt itself by 
stretclung to tbe movements of the body It also explains why a simple 
•km inati on. often leads to a gaping woimd — the margin of the cut being 
retracted by elastic tension. In old age the elastic tissue atrophies prt>- 

greanvefy and the sSnn loses much of to dmaty and becomes wnnUed, 
When the tkm becomes stretched beyond a certain Umk by rap] growing 

tumours, deposition of aubcutaneoua fid, or some other condition, the 
deeper Uvera may undergo a partial cleavaM or rupture in irregular I mrs 
along which fibrous tissue is depouted to form a kind of acatnee. This 
process become* visifale on the surface as a senca of white ftresks. Such 
c ommonly found in the ricn of the abdonunal wall after it 
has b^ stretched during pregnancy and are m this case termed bntoe 
/roTidflruw. 

The dermis heconva boscr m texture m diseper plane*, and the transrtwm 
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to the fubcutineouj conoectlve timie (or rapcrficul fasaa) m*v be pr^d 
ctUy fropcreeptible. It contiln* fine picxuM of blood v cascU , tymphttici 
and ncTTca, bilr folliclea, sweat gUnos, and sebaceous ^knds. In certain 
regions, the nipple, the scrototn, the gcnhil region generally and 
occaaiQpally m the tWn of the it also contains an ^1wTn»nt oi plain 
moade. Tnis dennil unstnped muscnlature a better dercloped m lower 

Dermal papillae The bonndary between the epldcrtnia and denma is 
not CTcnly homontal, for the latter prefects up at regnlar bterrala m the 


Fkl 90. ftbcroftbocognph of 1 ^etkn tbrausb tfaa pUntar iUd of • maimnct. Tw* 
■fcnon «tT%i tS» lnho»boiw coflc d^yfl 

ikodi m tb« fobcDtsiwaui aod tbalr docto nmnlna temrdt tba tuifa**. MifSiacf 

tkn x6o. 

form of small vascular papillae (Fi^ 88 and 90). These papillso endcntly 
proride for a considerable eztenimm of the area of contact between the 
vascular dennu sad the avasenkr cpidennls and so £icilitate the diffosioc 
of nutntlTe fluids from tlK one to the other The thicker the epidermis, 
ther ef ore the more procnlneiit are the papillae, and m warty growths of 
the skin (in which the epidenms becomes greatly thickened) th^r are much 
exaggerated hi sue and complexitY In the ■Hn of paefaydeftas^ous mam’ 
mala, also they are very lotig end sttenoated.’ 

On the pahnar aor&ce of the hand and the soles of the feet the dermal 
are arranged as paart m rows, each double row lying at the bare of 

TKh bs ttU ctOB d«v«i0peoa>t io Um bom of tbo rbfawcorai, 

dw SI t ody oloaipRtd end ffanod-Vk* ptafTloo fivt h flbmw tcxtnm, ludhi* * 0 tfao 
csOiuD but cmocotts ttatamtot tbu rmao e w bem h t i s M LiuH td of thidJy msttta 
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« surface clcvmtWQ of the epidermis. These elevations arc termed p*pa W 
ndffcs, and they are arrange m characterutJc and diatmcovc patter^ Ino 
dmnal papOkc are not themsdve* reaponAlo for elevating the cmdermia, 
for they tend raiber to occupy a position underneath the grooves that mter 
vene between the epidermal nd^ and m certain areas of the skm, lu^ o 
the nan they may be qmte well developed whfle the surface of the 
overlying epidermis remains smooth- 
In the process of embryome development dermal papIUse arc formed 
secondarily at the mtervals alternating between regularly spaced thicken 



Fn. 4 D tMiMu at w ec^oim tlin?asti the cUn •bo^fag Um drrtlorviust of pcptliarv 
ridge* in dte l ua mn embm a. At tbe 6th week td ckrelofancot, when th« cpUnnita 
form* eTGi ioTCi 0 In the TTifjrth. At this (tsge d«TD*l pwsillM ip- 

pcaml, «Hl« the fuifsce td tbe eptoemui ctOI remahw St , c. In the 5 tn 'Im 

•west flsixli srs •proutiDg out ss aotld buds Cnxs the dc» sspect ^ tbe epklemMl 

thkkienn:^ Kid lbs Isttsi St th« ssEQ* tkne sppcsr « tbs tujlm ss dsTstwes. d. In tbs 

8tb when the swest sftmds lurs becocte csnslhsd. srift bsrs sct^lred openings ou 

tbe mcfscs bj aw formstion of through the epidermis. 

mgioftheepidenms(Fig 91) These thidienmgs at first lead to s comiga 
non of the line of contact between the dermis and epidermis while the 
surface of tbe latter is suH quite smooth. L*ter on fm the fifth month m 
the human foetus), they give rise to dowu-growths which form the sweat 
gknds, and then, becoming still more accentuated, they appear as surface 
elevitiona. The dermal papillae m the palms and solea art further com- 
plicated by secondary elevationi and depressions and are nchly supplied 
with sensory nerve endings. Papillary ndgea provide a Tr\f^% whereby 
these nerve endings are brought as close to the surface ss possible In the 
mtervals between them (thus gnKonnng tactile sensitivity) while at the 
sraenme the thickened ^denntl ndget themselves provide a mechanical 
protection and a gripping surface which is necessary over these cutaneous 
areas in connexion with theu^ tactile functions. 

By reference to the details of the pspfllaiy ndgo patterns of the fingcti 
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to the *ubcutinccrai cnmiectiTe tiMue (or mperfia*! £uaa) my bo pried 
ciUy imperceptible. It comtuns fine plemie* of blood veiick, lymphttici 
ind nervei, hjdr follicles, sweat glanos, and tebaceoos glands. In rfir i ij n 
n^ons, c.g the mpplc, tbo icrotuin, the gemtal region generally and 
occaaioDallT in the of the fice, it also contains an elOTcnt of plno 
musde. Tms dermal, nnitnped musculaturo u better dcreloped In lower 
mammals. 

Dornml paptUae The boondary between t4w% epidennia and is 
not evenly bomontal, for the latter pn^ccti np at regular intervals in the 



Fra. 90 MjcrophoCoffrtph of i ect loq throuffa tlia iJanlar tUo oi tzmimata. lUi 

wtiiaD ilicrw* «r«ll tb* p^tStcry rUte* and den^ papulM. It aho tbows tfaa coAkI rwnt 
(iMtdi m tfaa subcomeixB tarn, «ad tbalr dods naimnf ttfwinla tb* (urfactt. Mifnific** 
tkm X6a. 

form of small vascular ptapfllae (Fi^ 86 and 90 ) These p^nllte evidently 
provide for a consideiable eztenUHi of tbe area of contact between the 
vascnlar dermis and the avascular epideanls and so fadlitate the dl&tskiQ 
of mitridTC fluids from the one to the other The thicker tbe epidermis, 
th eref ore, the more promment are tbe papillae, and In warty growths of 
the akin (In which the epidcmus becocoes greatly thickened) they art much 
enggerated In sue and complexity In akm of pachydermatous oiam 
alto, they are very long and attemiatcd .1 
On the palmar surface of the hand and the soles of tbe feet the dermal 
papillae are arranged as pairs in rows, each doable row lying at the base of 

Thb r a ch et sa tl«i»kirnw>U fax tfas bom of tiM rUnoowot, vbm 

tb« srt*tiy •loostttd «nd tbrad-a* pspObe a*« h flbriM ttxiiir*, k*ft>e t o tfa* 
fpmww' bat inj cMOOi a^twni t that rbaiecaTM bom b caartroctod of tfaldir 
tMirt. 
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Bexure Ime dere^>ed bmrecn tlie other two cmn crc^ In the region 
of the ficeindn^ with the movcmenti of facial ciprttwon flcx^linea 

appeir momentarily m the ikm at ri^t anglea to the pull of the^rea of 
cutaneous muiclea. In other wordi, their pattern ja determined by tM 
arrangement of the undcrlymg muaculaturt. With advancing age, aa the 
result of the progreauve losa of the elasticity of the akin, these creases 
become eatibltfbed ta pe rmanent wrmklca. 


3 PIGMENTATION OF THE SKIN 
Even m the white races of mankmd moat regioni of the akm contain a 
brown pigment. This la a melanin pigment which la mainly found m the 
form 01 «na11 Intracellular granules m the de ep est layers of the stratum of 
Malpighi- In dark races it la much more abundant and tends to spread 
throu^ the greater part of the stratum becoming more diffused in the 
supcrficul layers. The ongin of the pigment u stiD m doubt. There arc a 
number of tU*ed chomcal compounds m the body which might theoreti 
cally provide the btava for its fonnanoa, but its normal precursor is gene- 
rally Wieved to be dKocyphenylaUmrij an aromatic ammo-aad which u 
app ar ently co a verted mto melanin by an ccadase ferment m the epidermis. 
The presence of this ferment can in fiict be detected colonmetncally by 
the applkatioa of dioiTpheaylaiaiun — the to-called Dc^ reachon.^ It is 
absent m the conum generally tnd in the raidennal ct^ of albinos. It u 
also absent m vdute haira. Exposure to sunlight stnnulstes the production 
of the oridtae, which is therefore retponsible for the tanning of the skin, 
snd, as might ^ expected, it is eapeaaily abundant m the akin of dark races. 

Smee the cells of the stratum of Malpi^ give the Dopa reaction it u 
presumed that thcr are the actual site or formation of mdamn. There 
seem s httle doubt that this is a s pec ifi c function of these cells, unrelated to 
any particular vascular or nerve supply for if m parti -coloured anirn^lf 
pigmented skm ta grafted on to a non pgmeiued area, ii continuca to 
elaborate pigment and retam ha colour This has been shown by expen 
menta on guinea pigs m which autotranaplinta were made from one ara 
of skm to another * It u mterestmg to note, alio if pigmented epi 
dermis is transplanted it does not remam qmte stationary brat invades by 
its proliferative growth the sarrounding unpigmented •kin On the other 
hand, unpigmented akm tranaplantcd mio a pigmented area is eventually 
mvaded and rep l a ced by the pigmented epid«ima. It thus appears that 
— under the coadmons ttf these cipenments— pigmented tissue is dominant 
in relation to unpigmented tissue. 

The specificity of certun cells m relation to melanin production is 
snggested by the bchavrour of mabgnant tumours which occarionally dc 
vclopm a pigmented area of skm. Tueae ususOly spread rapidly throughout 

elawnti of the compoond 
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the distribution of arcbc*, loops, snd whoris, the intcr-connexicins of td- 
jiccnt ndM and irregulsntiM m tfaar course, a sy stem of finger pnirt 
identificstion has been dev is ed whereby it is possible to mtA the idcnttty 
of any mdMdoal. As ts weH known, system is crteasively used to-diy 
for cnminologKal purposea. The finaer print p a t ter n remtms mirb«Ttg iM 
infancy to old age m each mdividual, and it is to stable that even if the 
skm on the finger tms is acnped away or burnt off with tad, it is reprodoced 
with identical details when nesh stm is regesierated- Attempts to 
racial diffeiencea in the papillary ridge pattern of the fingers and the 
of the hand hare led to noadve resnlta. 

If the mpillary ndra of the fingera are viewed with a hand lens, a row of 
mmute depressed pomts will bo seen alo^ the centre of cme at inter 
vsis of approximately half a mHUmctTe (1^ 88), They are the onficcs of 
the ducts of the sweat glands. These ducts, running up from the dennls, 
enter the epidermis be tw e e n adjacent paired dermal paplllie and pursue a 
spiral course to the sor&ce. 


2 FLEXURE LINES 

The mobility of the skin over undetlyiog structures depends on its 
separatuD from the latter by a sane of loose areolar tissue, and where this n 

present the skin cui easily be pludked up m folds. El sewL e t e — 0, for m 
stance, over the back of tM ne^ tad tnmk, the lower pert of the nose, the 
ear and the palms and soles — a ts much more firmly adberent to robjaeeot 
tissoea. 'Hie skin also tends to be bound down to toe p e noste mn covctuig 
bony emincDces where the latter sjmroach the rorfaix hence these are 
sometimes marked on the surfme of the body not by elevatians, but by 
dimples and farrows. In mtny regions it a cr os sed by permanent lines or 
creases. These are fiexure lines—^ skin jomti — eberut which the skin 
can be easily folded in associatioQ with m ovem ents of the parti which it 
coTcra. A aecdon thro^^ a flexure line ahows tb«t here the akin is moally 
somewhat a dh e ren t to the underfying deep fascia. 

The cresset m the palm of the hwirf have long attracted attention because 
of the popular lu p ei stlti oo that their psttei ' a s le tcal the past and future 
hntoiy and the character of eidi indmduah Thesehnesarealreadypresent 
at birth, nmch the tame general pattem b found in the bands of lower 
Primates (monkeys and apes) The line of life is a flexure hne developed 
m relation to the movemcnti of the thumb in opposition to the rest of the 
hanH. The 'heart line marks the posidoo of the metacarpo-pbslsngesl 
joint!. Laterally this line ahows a human pecuEanty m turning downwards 
towards the interval b etw een the index and middle fingers. In doing so, it 
separates the mdex finger firom the metacarpo-phsliTigeal regioo of the 
ot& fingers, and is a anperfldal expression of the funct&mil IndmdosUty 
which has been acqmrea by the hitman forefinger In apes and monkeys 
the lifiart )it^ runs transversely stiaight tcrou the pal^ and this more 
primitive disposition is stiD to be ob serv ed m a tmalj proportioo of buman 
beingi. The bead Ime or middle crease of the palm, is a compensatory 
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lecrttioti by pathologKal lenons of tiie adrenal glands (Addison a dls«se) 
If cxjmmonly to a consprcuoijs darkening of the sHn of the rrholc 
body 

Racial variations In sldn pigmentation In whhe races melanin 
pigment is often tauly abundant m certain locabied areas of the skin, 
e.g m the areola at the base of the nipple and m tbc region of the external 
genitab In catty pregnaoCT (and In certain pathological conditions) this 
pigmentation becomes miikcdty accentuated and it may m some cases 
spread to other parts of the skm which nonnsUy arc tmpigmcnted. At 
the end of pregnancy It disappears to some ex t ent, but never entirety 
A spectro-photometnc anatysis of the human skin of different races hia 
shown that itt tint is the roultint of at least five pigments — melanin, 
diffuse tubstance allied to melanin) carotene, oxyhaemoglobin, 
and redact haemo^obm. The amount and distribution of these pigments 
show some vanstion m different parts of the body and it seems probable 
that the difference m skin colour in dark and ytUow-skinned races is mainly 
due to the t^frunt of the mdanitL In addition, the turhuh^ of the epi 
dermis introduces a scattering effect, so that t^ tmt of the tkm is also 
detemuned to some extent by its texture.* 

There is httle doubt that a dirk dan serves at a protection sgamst the 
rays of the tun, for in geoenl, there u a bioad correk&cin betw^ degree 
of pigmcititioft tnd a troplcsl habitat. Tbxs c o rr el ation, however is by 
no means concstent, though it is poaaible that m some cases exceptions 
can be grpbnwl on the bsM of a recent mi^ticn. Of ctnme, the pig 
meo tabon of the ikm lo dark races is an inhented rharsfirtrr m indivicluals, 
but even among them the d ^r e e of picnentation can be considerabty 
modified by environmental conditiona. Melanin is already present m the 
deepest laym of the epidermis at birth, paiticularty in those regions which 
in the adult are most heavily pigmented. In d« races (c.g Megroea) 
pigment formation begms in the hfdi month of intra utenne Ufe, but the 
ikiji remains rclativety very light until birth. Immediately after birth the 
skin da rkc os c^mte rapidly so that It may attain the cokrw chixartenstic 
of the adult within a few daya or weeka 
Skin colour offers an obnous cnterian for the differentiahon of the 
of m a n ki n d, and it was used by the older anthropologists m an attempt 
to draw up a natural ciissification of races. Thi^ mam groups were recoo 
nued— Leurckfeniu MeUmodtms and Xaytihodtmx (or m other words 
white black and yeDow-skmned races) md further suhdmsJOtis have been 

suggested by reference to the diffcrant shades of brown. Suchad^ifica 

tion, however has proved unaatufsetory for h leads to unnatural 
association of diverse groups which arc shown by other and probabty more 
reliably physical cnteiu to be not closdy related. For example, the 
Australian aboriginal and the negro m «)ite of their smular^W colour 
are representatrres of quite different taaal groups, and even among the 
J®S*wd^^>ples there are racial elements with a coenparativety light 
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the body md cxmtinue to produce tni4anm in Urge qutntrties in winterer 
tmue they invade.^ 

Bcsidei the pigment m the celU of the etritum of Mtlpjghi, branched 
celU padked with granules of melanin are occuicimdly seen in the super 
hcial parts of the derma (where they arc quite coaunon in lower mammals), 
or eren among the deeper Uyera of ^ epidennii. TTicse are 
miianoblasts and show some resemblance to the mobile chromatopbores 
of lower vertebrates. Unlike the latter how e v er they do not appear to 
alter tbeu* shape or the coocentradon of thesr pigment granules on exposure 
to hght or under endocrine inflocnce. Their sigmficsnce is unaataJn. 
They provide the bam for the bluUh colour seen over the back of the 



tacrom m new-born infants of Oriental rices, snd for the blue pigmenta- 
ttoo charsctenstic of c erta in monkeys. The bhie tint is due to the fact 
that the dark melanin jngment is through the translucent connective 

tissue of the dermis. It should be noted thst connective-tUsue cells con- 
taining TTK»T«nTn granules are sometiiDes found in the denzus which do not 
givetoe Dopa reactwn. It is probable, therefore, thst these have not 
themselves elaborated the pigment but lore taken it up from some other 
source. 

Pigmentation mav floctoate quite rapidly In certain areas of the iHn 
m rn«n , as shown m the dark Lhm under the eyes which ■PPJsr becoenc 
markedly accentuated during periods of nerv ou s tension. 'iTiii pferoaits- 
tioc from hi surface appearance, a probably due to the arTumumloo of 
mclanoblasts in tbe dermis. Nothing a kno^ of the phytioioocal basis 
of tbe pbenomenon, but h b interesting to observe that adrenalin (whkh 
b poured into the blood in eicetsiTe quantJtv In cood h kma of ncrvocs 
striin) b chemically very closely rebted to dioiyphcnylalanin winch, as 
noted above, u the probable prccuisor of mrlanin. A relatioo between 
adrenaim and metmm u abo iodicated by the fact that dtstnrbaoce of ha 

It msT b* fwted tt,** wfam ptfcacntad iImd* cf tit* Hi b cbWtsi**! **«, th* 
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months of hfe it u replaced by Bbort downy hair termed the man 

the vcDua Is retained over most of the afcm except the acalp and eyebrot^ 
and except where it u auperaeded at puberty by the coarser hair of the 

axilla, puW and On the male) over the chest and face 

Among modem races haiilcsaneaa a developed to the greateat degree in 
Mongolian peoples, m whom the relative lack of facial and body hair is a 
weil recognaed charactcrutic. On the other hand, the most hairy troe* 

of man are the Austrahatti and the (now extinct) Taamaniana, Hair dificrs 

quite markedly m texture and often in cokrar over different parts of the 
body and it providei the moat conapicoous of the secondary sexual 
characters in man. The moustache and beard of the male are known to 
develop under the influence of sex borroonea and, in old women m whom 



ovanan activity becomes dimimahed, tluae hairy characters also tend to 
develop to some de gree . The sexual differences m the diapoeition of the 
pubic hair are hkewise dependent on endocrine controL 

Racial variabons m the texture of the scalp hair have formed the basis 
for the most commonly accepted dasnficabon of modem human types. 
Of these tht« mam groups are recogmied, the Laotndoj or straight 
hurcd, the CyrmtncftL, or wavy haired, and the Uiatneh or woolly haired. 
The Laotn^ are represent^ bv many Oncalal peoples, m whom the 
hair of the bead is stiaxEbt or Tank and tppronmitely circular m crots 
section. The Cymotriem indude Ecropeans, Mediterranean peoples of 
North Africa, Indiana and Austrahaa aborigmala. In these the har 
tend* to be wavy to a variable d^;ree and broadly oval m cross-eection. 
In the Ulotnchi which embraces all the negroid types the hair u of 
^dy allied in secbon it u cofiddcrably 


% meatunng the greatest and amallest dumeter* of a secbon of hai 
and a* a pcOTtage of the other a cro*s-*ectional Index o 

obtii^ h« bcaifound Mcfal bj mthropologiM, for com 
p^vc ttudtt m -utriM ftoin 40-50 m Negroa to 80-90 n 
Onornl people wchM tic Jtptnoc It be. been 
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Indirect evidence makes it certain that pigmentation of the aVin n ^ 
primitive trah in man, and it may be mferr^ that this character was lost 
to a greater or Iceacr deg r ee mdependently by different races donng the 
course of their OTollitioil- The bi farhmg of the «bn haa rtm gn^gteft 

deveiopment m the so-called ‘Nordic' ty« of European, whkh h to-day 
found predominantly in Scandinavza, the Hrihah Isles, Holland, Denzoaik, 
and to a leas eurnit in north France and along the Baltic coast in Germany 
In this pfayncal type relative lots of pigment has abo oc c urr ed m the hsu 
and eyes. 

Aa already noted, the skin of all vriute peoples noimally retains pigment 
to tome degree, and the range of colom m European populatuma it 
quite wide — varying from an olive or tawnjr brown in the Mwhtemnean 
area to the creamy whiteneaB of the 'Nordic' type. Complete absence of 
^ melanin pigment fvrtiich affects not onty the lUn but the hair and eyes) 
occurs only as an abnormality m albiDoe. Albinism is a rccenive Mendchan 
character examples of which have been observed m many mjmmjh. In 
man h appears sporadically m all races, wlnio or edonred, and iti frequent 
occurreoce among certain nanre peoples is the basis of stories sometimes 
brou^t back by mezporienced traveScra of myatenoos white races 
bola^ in remote lands. 


4 HAIR 

One of the distinctive features of Heamo tapttns is his relative hairietsnm. 
To some extent this appearance U iUuaoiy for a cdose inaperjv m of the 
nakeif turfsces of the body will show that they are usually c o v er ed with 
fine downy hairs in coosidermble density Indeed, the only areas of akm 
completely devoid of hair are the palmar suifime of the hand and the 
pUntar aurfisce of the foot, the dorsal tuibce of the terminal part of the 
fingers and toes, the red border of the lips, and certain parts of the external 
gemtil organs. Human nakednesa, tboefore, a not so much doe to the 
absence of hair as to its very fine and iacoospicnous character ’ Before 
birth, at least, there seems to be little difference between min and lower 
Primates m density of hair growth. It has been ahxrwn that in a homao 
foetos of 6 montha the nunmer of hairs to the square centimetre on the 
back IS 688 while the corresponding figures for a chnnponxce and gibbon 
at the nme relative stage of derdopinent are 420 and 440.* In the s ifalt , 
also, the density of the hair of the scalp in man has be» cstunated to be 
31a per square ce ntim etre, as amdnst S07 m the larw anthropoid apes.i 
In a human foetus at the fifth or month of development, almost 
the whole of the body is covered by a coat of extr emely fine hair called the 
lanugo * This is usually all shed before birth, and during the first few 

CaQp)«te fwhdflt M b oM known in enr oanaal mmul, wkh tb« txe*ptioo oTsw 


F Mew U^thchOj 'Die DkbeWceft lUr Beburunf bdm FcOm da Maoeeben tod 
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A, H. Sehalt*, *Tha detiBlT of b*ir in Wnata UKamn Bioltty 3 n . , . 

A «irT^«T mrmrtfmfT growth of haifabooecna in athermaacali wtddi W* relcmfy 
tMlrkw in (fas •don. a-f tfaadapfasnt. 
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m crott-BcctloQ u related to the cuiimg of the hiir Medmuolly the 
leiotnchcma type of hanr ii the rtr on ge st moet rigid the fltt ulotnchom 
hiir a the 'weakest and most Hable to bend. WhS growing up from its 
follicle the latter probably benda under the tension of the tomcally con- 
tracted a rrector pili mua^ srtndi la mdlroctly inserted mto it Con- 
sequently It continues to grow In a curytd d ir ec tl oo and appears on the 
surface with a weU-dereloped bnt. There ts a dose relation b et w een the 
texture of the hair and the length to which it growt, the stndgfater type 
usually reaching a greater kngm. 

The primary purpose of a hairy coronng to the body ti warmth. In 
prcTcnting lost of Mat by providing a non-conducting felting of fur and 
by dimln^ing sur&u* CT^xrntion, h plays sn important part m the 
temperature regulation of the mammalian bodv In ™n the Tirtuil 
disappearance ctf a hairy coat ia cotnpennted for by the devdopment of a 
contmuoua layer of subartaneoua fiat m the superficial &saa. 

Another function of hair is senaory Hair foIEdea are supplied at their 
base by a fiw nerre plexus which ta by the ■?{ gbtT»«r morement of 

the hra part of the hair Where hairs arc fine and tpmtfy s catter ed (and 
to capable of separate stimulation) they serve the purpose of very deUeste 
tactile organs. It has been suggested* Indeed, that the rdatrre hnricssne^ 
of man la directly itsodtteri with an mcrearing senatmty of the surface 
of the akm, and with an enhancement of tactile acmty 

In moat mammals tpeoal tactile ham or xxbnssm are dmkped m the 
fiuaal region, and (espeoal^ m trtxmal ttdmals) also on the mnba near 
the carpus and tarsus. VihriMBe are commooly arringed m definite 
grcTupa, and at the base of each one the «bn eleva^ mto a small tuberck. 
The nerve and vascular simply to rbow tuberdes a particularly rich, the 
blood vessels at the root at the hair showing sinusoidal cfilstarinna whkb 
p rov i de the batts for an erectile rTwyhaii mn whereby the hain can be 
raised up and held ndd. In man (who in thk respect to be unimie 
■toong mammals) vibmsae are absent. Ibey are present m their ruB 
cofnpiement m low er Fnmatea, but gradually disappirar in the ascen din g 
xoological scale leading up to man.^ Supposed remnants have been 
deserTOed m the human embryo, but thar interpretadon is doubtfoL 
It has generally been assumed th«t the stiff hairs of the eyebrows are 
mresentatrve of the supra-orbital tactile vlbnmo of lower mamm a b . 
Tncy resemble the latter m their eariy embryological develo pm ent, for 
hair tppesii here dmuig the second month of foetal life, whereas hair over 
the gr eater part of the body does not develop till the fbnrth month. Then' 
mcKM of de^opment and the itractoie of their falhclet, however indicate 
that they are morpbologTctlly different 

In cert*'" xnanunali the is modified to provide weapons for attack 
or defmee , Such are the gnllli of the porcupme and the spines of the 
bedgebog In man some hairs have a mechanically p rotecti ve fonctiofi. 
Wlthm me nostrila and the sudhory meatus they are directed outwards 
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^ help to profit the entttmeo of fotetgn pothde. whflo the eyeluhe, 

X^^cephoo of the eyelahe^ hatnt do n« 
Hence U.eynot™llp 



Fro 94. DrKwiov of t poueb-TOong wiQabr ilnTwiat the tsefa half tncta. lo certain 
i tft um the p >lw i in » A tloM of the batr haa henyrta l a Tt Ja e d in rdatke to th* toOet hahfta 
of ^ arrimal. (From F Wood Jonea.) 


lie ftit on the »urfkcc ind their trend folLxm t definite pl»n- Pnmhrvcly 
ill the h»ir» of the body »rc directed cr»mo-cancUily a ttretm hue 
arrangement priudh ia related lo anople movementa of the body In a for 
ward direcnon, and thi» diapoartion of the hair ta found m moat *Tnan 
mammaU of a generalired type. In other c*aea it ta diaturhed and com 
pbeated by the formatiott of divergent atreama rcveriala of hair direction^ 
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m cro M ftc ct ioa li rdited to the curling of the htir MechinJally the 
leiotnchoTMtypeofhtlrif thoitrongcrtandmcBtngid the fltt ulotndwDi 
hair u the weiiat tad mot luble to bend. While growing up fnm it« 
follicle the litter probably bendi under the iTm}nn of t^ tonicilly con 
t n c t ed i r r e c tor pfli mtacle whkh a indirectly inicrted mto iL Cqd- 
•equcntiy it continues to grow m a curved direction and appear* on the 
aurfiice w^th a wcU-derek^ed kint There u a clo*e rektion b e tvreen the 
texture of the hair and the len^ to which it grow*, the ftraightBr type 
uanally reaching a greater lengtL 

'ITie primary purpose of t hauy cover i ng to the body ia warmtlL In 
preventmg loss of by providing a non-conducting feWng of fur and 
by diminabrng turface evaporation, it plaja an important part in the 
temperature regulation of the macnmaltan bodr Xu nifi the virtual 
dlaappeaiance cd a hairy coat u co mp enaated for ^ the derelopntfnt of a 
contmuoua layer of aubaitaneaua Cat in the auper&kl fiuoL 

Another foiKXicm of hair ia aenaor^ Hair foUidea are aupphed at tbdr 
haae by a fine nerve plexua which is atimulated by tbe ahghtest movement of 
the frM part of the hnr Where hair* are fine and spentfy a c a tTcj ed (and 
to capable of aepa r a t e atnnulaUan) th^ serve the purpoae of very dehrate 
tactile organa. It haa been suggested, mdeed, that the relative hairlesaDea 
of man n directly aaaoaated with an inmaxtng aenaitrT i ty of the tuifiKe 
of the akiii, and with an enhancement of tactile acuity 

In most mammaM tpeoal tactile bam or abfwm are developed in the 
fiaoai region, and (eapeosl^ m arfxireal animab) alao on the umb* near 
the ctrpoa and taisus. Vtbrtaaae are coirm oidy ttranged in definite 
mupa, and at the haae of each one the akm la elevated mto a tmall tubercle. 
ITic nerve and vascular aupply to these tubcrde* a particular^ nch, the 
blood veaaeb at the root ca the hair ahowmg ainuacedal which 

provide the batb for an er etine roe c hamam wh ereby the hana can be 
raiaed up and held rigid. In man fwbo m thia respect aeema to be imi^ 
gmong mammala) ruuiaBae are tbseot. 'They are present in thar full 
cxunphaDCnt m lower Primatea, but gradually disappear m the ta cgndtng 
aoological scale leading up to man.* Supposed remnant* hare been 
descrmed m the human anhiyo, but tbeir I nter pre ta tion b doobtfoL 
It has ger>erally been tasumed that the stiff haira of the eyebrow* are 
representative of the snpra-orhital tactile vibriaaae of lower mammala. 
■rfey resemble the latter m their early embiyolcrical derdopment, for 
hair appear* here during the second month of foetal life, whcrca* hair aver 
the Bi 'c ater part of the body doc* not develop till the fourth month. Thdr 
mode of development and the atruc tum of their foUidea, howev er indicate 
that they are morphologically different. 

In t’^i f T Ti manunab the h^ is modified to provide weapons for attack 
or defmce. Such are the qoilb of the porcupine and the epine* of the 
hedgehog In ™n some hair* hare a nwiharri rally protec ti v e fimcdcai. 
■^Vittiin die noatrib and the auditory ineatu* they are directed outward* 

F tVoo^Joo**, I/mk* Ptmt tammf lh» A T— i rft . T^xtdnn. itoy. 

8e« A. H. Sdnlo. wbo dcKribct email Wibaitt* la bum«n foetiM 

potfaioo 0 / • e*rp*l Wbrim, 7 I9»4. 
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ftome rtnkmg enmplc* m nurtupiaU. Thti*, in the TVsUaby t reversal ^ 
hair tracts occurs oa the n«i where the fiir is scratched m a forward 
direction by the foot, and another reversal u found m the middle of 
the trunk where the cla^ of the hand arc used for scratching m an upfward 
direction (lug 94). In other words, wh er e ver pn animal, in its toilet, 
habitually combs the hair in a direction opposite to the primitive hair slope, 
a re v e r sa l of hair tracts develops. Here vre 
to be dealing with a ihnple functional 
cause, and yet the arrangement of the hair 
tracts charsctcnstic of any mammalian 
speaes u always clearly established m the 
foctua before birth. 

The anatomy of halm It has been 
noted that the development of a hairy coat 
u a diitmctivc mammalian character ^Hiere 
IS reason to bcheve that m the evolutionary 
ongin of mammals It superseded a scaly 
covering m tber reptilian precursors. In 
deed, modified epidermal scales are snll 
devdoped in certain hvmg mamitals — a 
relic of the rcptilitn phase of cvohiOon. 

These are seen on the bare tails of many 
marsupials, mse c tr v o res, and rodents fe.£ 
the common rat) as polynnal and ahgntTy 
imbncated thickenings of the stratum cor 
neuci arranged m a tetseUxted partem. In 
one mammal cmly (the scaly ant-eater) do 
scales readh a hign degree of differentiation 
and speoalixaticia. and in this case they 
cover almoftt the whole body 
Where wdl-defincd scak formations are 
found m the akin of mammals, the hairs 
bear a very regular relatian to them. A 
central hair emergea from under cover of 
the middle of the fire edge of each scale, 
and one or two smaller hairs on either aide 
Thus the hairs are arranged usually m 
groups of three or five. Even m tkm wbeTt 
no scales are apparent a sunibr arrangeinent of hair follicles Is found, 
particularly in the foetus, and it seems probable that thia grouping is 
determined by the original development of hairs m rdinon to epidermal 
scales. Remnants of thoe scales arc 5)ossibly also represented by a sUghtly 
^liened ires of epidennts whirfi can be often seen in microscopic 
sections St the base a hair on the side from which it slopes 

A lair a formed cmbtyologicsDy as a derwn growth of the ectodora 
mto the subjacent mesoderm (Fig 98) Up to ^ fifth or tilth week of 
development m the human embryo die ectodenn coiaata of a tinale 
uver of cubical cells. This layer then becomes doubled by the fonnatjon 



Fsx 96. Mmvbotofnph of ■ bslr 
n n> ibtUde. Macmfictim x ^ 
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md ’srborl*. Tbe*e Tinitiom tre diftiQctive In many Hiff M- f nt grouna of 
mamm a l a, ao that the mapping out of hair tracti on the tuAce of thebodj 
la uaed by lyatematiata m comparative anatomical itudies. 

The underlying cauae of the deviadona of hur tracta la very 
In aome caaea th^ seen to have a direct relation to the evnhitiociary d»- 
appcariDCc of certam aurface fcatnrea. For eiample, in man hair tracta 



Fkl 95. XOaapbolocnph ot •vctfav Umusb fi-JUria. 8«b*c*ocf (if ) 
•r« M«n oywrihig kilo tb« tolBcae, poctloe of n wToct o *’ pill muad* CArJ k u«> 

vrUoit. X60. 

cu nv etg e to a focal point over the cocc y i> vugoeatmg that at one rime they 
were continued doim on to a tail Again the Avcigcnt Hoc or parting of 

hair extending on the ventral aurface of the trunk from the mpple down to the 

inguinal region aecnia to mark out the mammary line along which, in lower 
mammala, a tcncs of nipplca ta generally found. Aiuwellknown ac ce aaory 
nipples are not uncommonly aeeo along thii line as abnormalities in mam 
In moat caaca the diapoiirion of hair tracta has an obnoua rektlao to 
hablta of posture, movement and the toilet of the skin, and there are many 

Instances showing that the hair trend comadesvrhh the direction in which 

an combs or acratchea iti fur ■ Wood Jones has called attention to 

6 m W KUd, TV Du wti— yi/jfr fa ylaiwrft cad ilm Loodoa 190] { F Weed 
Joo«,‘<>ithecwiriooo/e«t*[nt 4 J tract* Jmt*. iS 19*4-*- 



round tferfiafL Th^ p>ttnm ^ 
doancovc vtratioTa m drSerent namnali. ^cvcr and m Bome ipeaoi 
(c,c b»ls) they may have elaborate tuft like rnngea- , , . 

of the hur which liabdowtho«ur£»rei> termed fe/um-TOl 

Thu ieWMthed m . pit, the lunrfoUuU the wan of which^ weW 
imt noted) u dented from l down-growth of the eplderma. Tfe M* “1 
the hat tWt is shghtly swoUen to form the huB ind here u found the 
Eerminal mani from whidi the growth of the bar t^ pbee. It » 
compoaed of adumnar and polygonal ceUa which actively prowertte aa 



FlOs QUstntms tbi drrdopaiem of • hair a- The fim oppcamics of hair 

a frKUcctrd by ■ tocal proUferctnci of tba mcxlrtm. b llte ectoderm |tov« down to form 
•oUd ^rJtsrU the kmv end of (the bulb) n umgteated bv vacofar papOla (^) of 
meaodenn. OrerthhpapgQatbeeciodetmalcelbfono the rnmioal matrix of the hair (^ ) 
e. baif n t pTo u t m g op frtxn thi fu udnal matrix, aadlo domgao aamabxei tfaeaohd 
hair foPria. Tm mil of tba f PkSe ■ focmed by the outer root Siath (art.) aod a layer 
of cctodetmaf ccQa fa rc&cted on to the baae of bailr ihaft to form (ho umcr root aheith 
(in.). A dettiopeng oabac eo ua ^aod W aleo iodlcated ). 


they become aucccanvely diaplaced upwards in hair growth they arc 
gradually conv er ted by a jrroceti of kenrtmiiation into the fibre Uke conn 
bed ccQs of the h^ sham The ceUs of the ge r m mal matrix fit aa a cap 
over the soft vascular popifla of the conunig from the blood vetaela of 
which they receive thar numrnenL 

The wall of the hair foUicle u cotnpoacd of sereral layers of polygonal 
edit whidi are continuoua at die auiface of the sbn with the stratum of 
Malpighi. Approaching the bulb of the hair they form the outer root 
sJmm and they thm out eventuaDy to form a tingle cell layer whidi 
becotoes commuous with the soft man of tlui ge n n tnal matm m the bulb 
From the latter cefis ore reflected on to the aorfacc of the hair ahaft to 
form the wner root tfuisth This consists of three layers of cdls which 
closely mvest the base of the hair but rapidly dmppetr up the ahaft as 
they beco me conufied (FigSs 96 and ot). 

Hair ferowtlis The dmatjon of life of a hair vsnea quite considershly 
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mpcrfiotHy of t kycr of flittened cdk, Incre**ing prohfeimtion of the 
deeper Iro leads to a gradotl iacrcoe m the thidmew of the epidenm*, 
and by the fcmrth month it has become definitely stratified, Hans first 
appear m the rcgKm of the cyd>nrw8, hpa, and chin at the end of the second 
month, while over the rest of the body they do not start their growth tifl 
the fourth month. 



The first sign of a developing hur 
IS a knot like thiririTimg formed by 
a local proliferation of the ■i noim 
germmativnm. This penetrates more 
and more deeply Into the Tmo- 
dermal CO num ts a slender cphheCil 
peg the lower end of which swells 
to form the bulb of the hair The 
latter cornea into contact with ■ 
condensation of meeodennal ceQs 
which invaginates its free end 
slightly to femn s small vascular 
amlU. The epithehsl cells of the 
bulb which nnroediately cap this 
papilla are colonmar and it u from 
th^ active proUferahon that the 
actual hair is developed. The hiir 
bud now sproots tip from these 
eeHa and, in dang so, caralmia the 
ongmally solid epidennal peg and 
fomis the lomen of the hair foUidc. 
L«rtfy the cells of the shaft of the 
hair as the latter Hies above the 
level of the bulb become pro- 
grcMively connfied. 

In structure the shaft of a mature 
hair cocaistB mainly of a fibril Is ted 


Fkl 07 Mknpbotocrtpb f the bcM of 
bolr aivwTiw tb* bair tnlb (B), tba 

outer root abectfa (On.) end tbe k w r toot 
(frs.). M ag oi &Mti oa X 50. 


bans of elongated tapering cells 
tightly picked together They have 
u^eigoDe a connderable degree of 
oomi&auon, but thcr nude may 


still be visible. Upon the amount of mrisnra pig m e nt which they contain 
depends the colour of the hair Typically the nair shaft is really a tubular 
structure hollowed oat by a meduluiy cavity the latter being filled with 
of irregular shape. In senes ce nce these cells underro atrophy and the 
may then become fiDed with minute air bubblo which make the 
hair appear white by r eflected lighL Many hairs contain do meduSs this 
b the for example, with the temporary Unogo of the foetus, and also 
whh the downy vellus hairs which su crec d it. 

T^yiirf^nf the hiir shaft ti cov er ed wrtbadellcstBattifJg of extremely 
tMn which are laid on m imbneated fashion wnh the free edges 

directed up towards the surface. In I mm a n hair these scales are falny 
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for the rate of growth a corrclitcd with the daily mean temperaturt* 
Some of the reaulti of th» mvettigation were u follows 

Cnathptr 
Mean tntp at w*. 

Jammy 5 ®* 

April 7 ° 

Aaguit “ 

Norember 64 0*495 


0^05 

0-458 

0-538 


There u t cunout superatition that the vitality of the hair enable* it to 
continue growing even after death. Thb acema to have aruen from legend* 
relating to certam Gunoua peraonigea auch a* Cliarieimgne and Napoleon I 
who are reported to hare grovrn beard* while mting m their tomb*. Such 
atone* are probably to be aplamed by the faa that the natural ahrmkago 
and retraction of the ikin in a dead body expo#ca to view a part of the 
hair root whidi m Hfe remama hidden inaide the hair follicle. It t» 
remaAable, however that hair may continue to grtrw at it* usual rate even 
though the other tiaauea of the body are •cnomly affected by inadequate 
nutntion. It ha* been found, for example, that m young rat* m winch 
nonnal grow th a auppresaed expenmentahy the hair continue* to develop 
and grow nonttally * Similar oWivatioo* made on chick* have demon 
atrated that even li the body weight i« hdd constant by dietetic methxxl* 
for u long u eighty da^ tne feather* sdQ continue to grow ) 

Half pigment. The morphogenetic bcmraunderlytng the diatributioo 
of pigmented b*ir vn lower tagnrral* to as to produce total mtegrated 
patterns of a da tmcti Te kind remain unknown. The appearance of atnpes 
and certain other markingm has suggested a relation to dermal segments 
innervated by different segmental nerves, but a close study ha* ilurm that 
this IB not so The production of hair pigment i* dettrramed by a specific 
property of the epldcnual cella thcmsclve* in different area* of the akin, 
and this ogam must be the result of inherited potentitlrtie* dependent on 
the natural »electicm of pigmentary factors. The latter by constructing 
a pattem which i» of dir^ advantage to the ammal (*\jch a* protective or 
warning coloration), provide* for the continuance of the specie*. 

It u mteresting to note that pigmentation of the hair ma y be quite 
independent of the pigmentation the In patti-eolcrured aT<imal« 
coloured patches of fii often overhe pigmented patches of ekin, but the 
correspondence 1* by no mean* constant. In the ex perim ent* referred to 
on page 277 m whui autotranspbmt* of pigmented akin mto unpigmented 
area* In guinea-pig* were m a de , it ws* found that while pigmented aVm 
might invade and replace surrotmding area* of tmpigmeni^ tkm, the hair 
covering the latter remained white. 

Hair usually matufesti obvious senescent change* before any otber tissue 
of the body m its tendency to whiten and fall out without replacement by 
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Thote of the hirmip ictlp miy hst as long as nx yean — bnt moat of 
are probably shed m two or tnree years. ^ many mamm«k §, thirt btuy 
coat is grown tnimally dunng the winter to bo shed when rammer tp- 
proachet, and in tome cases (e.g the arctic hare and arctic fox) the seasonal 
coats have different cokmra. In some on the oth er nsnd, certatn 

types of hair such as the mane and tail of ho r ses, tpparently p ersa t 
throughout the hfe of the mdrvidusL i 

Normally each hair which u shed is repkced by s scccessor The 
process is ss follows. ’Die root of the old Hair undergoes sbsorpUon as the 
result of the ac ti v i ty of the cells of the outer root sheath. These f*T 1 « 
proliferate and art off the hair shaft at the bottom of the folhcle from the 
germinal matrix covering the papiQa. Tlie detached abaft is then eradusOy 
pushed up towards the aurfree untfl it falls out or is nibbed off, and the cells 
of the genninal matrix provide a new b*ir sprout which grows up Into the 
folhcle Sometimes it happens that the h^ papilla disappears entirely 
when the hau* itself dies, ^ which case an c^tneHal downgrowth frcin 
the bottom of the folhcle leads to the formatioh oT s new papds and 
a new hair bulb 

It ia known ilat during Hfe, and even in the foetus before birth, Ixub- 
vidual ham are constantly bong ahed and replaced. Each hair has s 
hfe cycle of active ^frowth follow^ by a period of qtdesetnee and death, 
and in yming g r o w in g all the ham of the body may be uiTulred 

limaltinecnaly in the same cycHc phase. In munatare white rats, for 
example, the oairs show c very short cycle of thirty five days, the phase of 
active grovvth and the qo kace nt phase bang about se renteea dap each.’ 
The old hairs may stHl remain for tome time m the folhdes while the new 
hairs grow up s^ t amgle folhde may be occupied by ss many u three 
hairs at one nirwL It ts uncertain what firtnr de te r m ines these cycles — it 
has been shown they are not dntnibed by remxrval of the gonads. 
In man (ct least in the sdoh) repIsccrocDt occurs m nistlaed Indfndual 
ham, so that some ham m one group may be growing while others rtmsio 
inactlTe. Tims, m an area of tl^ containing 230 hs^ 45 per cent were 
o bse rved to grow ap p r e ci ably in a fortnight, whHe the remaining 55 per 
cent were qmesernt. 

The rate of growth of a hair vanes with Its texture. Coarse hairs which 
uldmstcly resw a greater length grow faster than finer ham which are 
Dormally short T r otter found that the hair on the legs of children grows 
St the rate of i 42 mm. per week, and the rate of gi o w^ increases steadily 
with age, lesching x 85 mm. per week st the age of <^-45 Axillary and 
pubic hair grows at the rate of 2*2 mm. per week, but m thu case the rate 
of growth ts not affected by age. Contrary to popular asiumptioo the 
rate of hair growth u not affected by repeat^ cutting (as in dally shaving} 
or by exposure to the tun. It ts said, how e ver that hair growth h more rapid 
in w T^TTnfrv^^ than m the winter and also during tlte night than during 
the day Ute former statement has been confirmed In regard to facial hair 
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CUTANEOUS GLANDS »!" 

stmtum of M«lptohL It U codotcd m « thin apeub of conn«m« tmue. 
The lobultt of •wceotrt glind* tre *olid miwf * of cella ^ruch from the 
periphery towmrda the ccotre become progretuvely filled with f»t grwulc*. 
^ cytoplttm of the central cells becomes entirely distended with Urge 
droplets of fat, tnd finally the cells as t wlmle undergo dumtcgratioa. An 
oily ts thua produced, made up of a nurture of cellalu dibna and rat^ 

tthhm- This ts the stfrum which collecting m the centre of each lobule, u 
dtacharged through a abort duct into the lumen of the hair follicle, or on to 
the adjiuKnt surfece of the akiru 

Sebum prondcs a lubricant — and possibly nutn men t — to the hair shaft. 
More nnportint, probably ti iti function m providing a protective medium 
over the surface of the ikm, which readers the latter more impervious to 
the effects of moisture, as u to the possJblhty of desaication m a dry 
atmosphere. It keepa the skin supple since it has bactcnadal pro- 
perties It perbsps also serves arv antiseptic fui«taon. The manner of 
secretion of the a^um ent^ls a continual dismtegration of the cella of the 
sebaceous gland, whichlsthereforeaclandofthcholocnnetypc(seep afial 
This lost IS made good by activt prcSfeiation of the penpheral cells which 
he adjacent to the duct 

Gaierally tpeakmg sebaceous glands are developed as tfipendages to 
bur foUicl^ and more than one gland may open into a single foOide. 
The only areas of "kin which contam no sebaceous glands are the palms 
of the binds and the aolea of the feet In some cases, h o we v er (e.c m the 
lion of the ncae) they attam to a large ase in reUtion to which the uso> 
ctated hair may be so tmall as to appear quite accessory Lastly m skin 
covering moist surfaces, as over the bps and the glina penis, sebaceoua 
elands are found independently of hain. The absence of any relation 
between the uze of a hair and the st» of it* twxiated lebacnms ghmd 
Indicates that the two are not very cioaely related functionally 

There is no dirett cadence that the secr etory ictinty of the sebaceous 
^danda u under nervous controL Diaturbance* of secretion have been noted 
m certam affections of the nervous system, but it is uncertain bow far 
diesc are secondary eff ec ta. Direct cstunabon of sebaceoua se cr e b on has 
thown that it is not affected by lesions of the penpheral nerves or by 
intCTTupbon of the sympathetic nerve supply ‘ secretion seems rather 
to be the result of a contmuoua growth p r oc es s of the of the sebaceoua 
glands (analogous to the growth of baiis). 

Sweat glands ^iga. fiS 90) With the excepbon of moist turftces such 
as the h^ the skin almost everywhere contains sudoriferous or sweat 
glandi. For the most part these are simple cofled and unbranched tubes 
wi^ a fine, even lumen, tnd s long wmdmg duct which opens on the 
surface. The secretory part of etch gland h coiled up into a compact ball 
(^im 0*5 m^m diameter) lying ueuaDyb the denntt. In the palms of 
theh^ ttd the soles of the feet, they are situated more deepSy in the 
fsscis, and the ducts are h^ correspondingly longer The 
secretopr tube U Imed by a cubical epIthcHum, underlying which 11 a thm 
layer of elongated epith^oid cells which are believed to^ muscular and 
J Doop* iod M. K. Sh*ip Mctvtkn Jtn. NmrwL 6 
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AltlkMigh morpliologicallT e x creto ry »mi£turcs, Firm gl»nd» provide a 
very importtnt meclanmn for temp«f»tiirc control by furfaoe eraporrton 
Direct obaerratjon hi* shown that as *oan » the tempenture of the body 
u raised about half t degree above rts normal level, they become active and 
pcrapirsTbon ensues That this rcaponac la under nervont control a riiovm 
by the fact that perapiratiofl does not occur over a denervated arts of abn. 
It might be expect^ that the density of awtat glands would show a racial 
vananofl related to bemg greater m tropical people. There la some 

evidence for this, for It has been reported that the avenge number of glands 

m a aqmre centnnetie of akin on the fingers la 558 m a white man 738 in a 
Hmda,and95omaNegnto,‘ Congenital absence of sweat glands has been 
recorded on several occasions, InmvWuala who suffer from this anomaly 
are compelled to adopt speatl means to keep down their body tonperature 
m hot weather 

In TTummaU general^ aweatmg aa a tempcrature-regulatuig m ech a ni sm 
uncommon typical eudonferous glands bang absent except over 
the pads of the feet. Nomerous transitional forms betwe en iweat and 
sebaceous ^indi occur m lower magi mail, however so that it may be 
difficult to determine roorphologicilly whether they belong to one or other 
category It 1$ certain thirl in many apeaea (e.g the borac), the awest* 
glands, tmltirg those of man, secrete to appreml^ amcnuit of albunuooua 
and mucous mafenal, 


6 HAILS 


One of tltf distbcttre anatomical characters of the Pnmatea is the 
repfacement of sharp recurred daws bv Sittened naxla. At we «h«]l see, 
this feature is not fully developed m all memberi of the Order for tome 
retain claws on certain digits. 

Naili are epidermal appeBdtges developed as a modification mvolving 
mainly the itratum hiodam of ffie epidermis. E ac h pvil u closely applied 
to the dorsal surface of the terminal pWbnx, its free e^ projecting ahghtly 
OTcr a l ece is of ikm called the M>pomvc/ma» and ita root overlapped by a 
cutaneous fold— the natlfoU. Under the latter is the nmi groopt vriuch k 
contmued forwards on atber aide to accommodate the lateral margin of 
the naiL 


The dorsal surface of the nail Is marked by fine longitudinal ndgei and 
at Its base u the pale area of the Tulf-jnoon orbenda. This is well expoaed 
m the thumb, but towards the httle finger it becomes progrmively more 
obscured by the nail fold beneath which it u freouen^ hidden altogether 

The lunolt marks the area of the nail bed which » acti^ concerned with 

^ formatKm ana growth of the nail. Ita white appearance is due to the 
fact thst here the latuc which is m the process of transformation into the 
translucent nafl substance is rather opaque. 

In • loogituduul itctjon, the MJpighan ««um of the cpJdmnn 
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hcDcc tre tercped myo-epithelul cells.^ The duct of the giind, winch n 
also lined by cubic*! cell*, run* up Mriy directly to the epidermii. Through 
the latter the tecretum 1* diichatyd on to the *trr£*ce of the aHn by i 
•pirally wound channel which is rooned a* a ample imTini-d mtercelhilar 
cleft between the epidermal rrdt*. 

In connexion wi^ the paplllaty ndges of the hand* and feet the tweit 
glanda are rcry mnDcroua, and cofled tube* axe here toeetber 

compactly in ^ auperfiaal ^ioa.* They are particulariy abundant m the 
palmar and plantar pad* c^ arboreal mammal*, aerving to the tkm 

m order to provide a good gnppmg aurfacc. In moat sweat glands the 
secretion is discharged m dfoptet form from the aecretory into the 
lumen of the tube. These are therefore epienne glands (ace p 262X and they 
secrete a yerr watery fluid contaimng lea* than a per cent of aoCot (moat of 
which u sodnm chloride) 

Other gknds occur m the »Hn which m some respects are tianaitinn il 
m structure between audotiferoua and tebaccoua glands. Hiey are glands 
of the apoenne type, and thor mode of secretion uitdItcs the fr ag m entatMC 
and d alnt e gr ation of the superficial or predicting part of the secretory 
cells this results in the libeitton of granules (probity lipoid m nature) 
which are formed in the cytoplaam. Tm secretion is much lets watery than 
that of the epicnne gUnd^ 'Hie apocrine sweat glands are also larger (i to 
4 mm. in diameter), more dibortte and often branching, and they extend 
more deeply mto ^ superficial fasda. Moroorer they are deruoped m 
dose sssodatiott with hah*, and aome rimes open by tbdr dnets actually 
mto hair follldet. They are found m the txula (where they develop at 
puberty and are stated In the female to ahow a cyclic ac ti v ity in relation 
to menstruatioQ) and m the scrotal and pen-anal alrm. Thor funcdooil 
significance is not known, but there seems Dttle doubt that they are related 
to the scent glands of lower marnmaU. 

In the extonal auditory meatus are tpecuDy modified sweat glands con 
tn the production of cenoium or wax, and hence called ctnamjtau 
floMds Ahhougfa they r e se mble tho spoenne type of swe al giaiid morpbo- 
TogicaHy thor secretion u of a Twy different nature. The function of 
ri>T n mgn h evidently to provide a ttKky surface cov erin g the tUn of the 
auditory Trwrna, in whkn particles of dust can be caught up which might 
otherwrre reach the deb cate tympanic membrane. 

Sweat glanda are developed ernbryologicany as down-growths from the 
rtrafitm g^r minati vum of the eplden^ m the mtervals between the dermal 
(Fig 91). They appear fiirst on the hairless parts of the akin, 
t^>y tf ds the end of the foorth month of foetal life. The most precocious 
glands are foond on the palmar surCsce of the hand, and here the cariWt to 
develop are said to be those on the middle finger During the fifth month, 
the blind e i tr ’TTi M es of the sweat glasds become coiled, and not untfl the 
seventh month is s communication establiahed with the surface of the aldn 
by the opoung up of a spiral channel among the cells of the epidermis. 

TbcTV b >*»**>* doubt wfa«tb«r da m yo- tpIlla M eaOi of •west gkodi m tna ib»- 
lutp id"****^ ***"* UsHkadabitar tb<yfodorivdeTabf7el u s k* Jlyfromria»c to dtTTn. 

^TVa msnbor of •«*•» k reeordod •• so per aq cm. orcr nat of tbo bod/ 
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Although morphobgionir excretory itroctures, twext^di provide a 
very Important mecbamm for tempenOuTt control by wirftce evajwrwwn 
Direct obacrvation hu thortO that » ioon ta the temperature of the body 
b maed about half a degree above ita normal level, they become active and 

perapiration cnauca. That tbb retponae a under nerrma control is aherwn 

by the &ct that pcreplration does not occur over a dcncrvttcd area of akm 
It might be expected that the denalty of iweat glands would ahow a racitl 

varuSon rebted to habitat, bemg grater m tropical people. There a some 

evidence for tha, for it hai been reported that the average number of glands 
m a a<piare centunctre of akin on tne fingers a 558 m a white m a n , 738 m a 
Hmda,Bnd95obaNegnto* Congenital absence of sweat glands has been 
recorded on icveral occanota. InmviduaU who auffer from tha anomaly 
are compelled to adopt apeoal means to imep down their body temperature 
m hot weather 

In Trnmm*k gcncraHj sweating as a teroperature-regulating mechanism 
tf ffni UDconurum, typical audonferoua glands being absent except over 
the pads of the feet Numcroua transloonal forms between sweat and 
sebaceous glands occur In lower mammals, however so that it may be 
difficult to determine morphirfogically whether they belong to one or other 
category It b certain dmt in many speacs ^e,g the horse) the sweat 
glands, i ml^ those of man secrete an appreciable amount of albununoua 
and raucous matenal. 


6 NAILS 

One of the diatiflctive anatomical characten of the Primatea b the 
replacement of sharp recurved daws W flattened naila. As we shall see, 
this feature is not folly developed m all membera of the Order for some 
retain daws on certam digita. 

Nalb are epidermal appendages developed as a modification involving 
mamly the stratum luacmm of the cpldermb Each nail u closely apphed 
to the dorsal surface of the tcrnunal pbalanx. Its free edge projectmg slightly 
over a recess of skin called the kypoftychaen and ha root overlapped by a 
cutineoai fold — the nml Under the latter u the 7 t^ groffoe which is 
continued forwards on other ode to accommodate the lateral mirem of 
the nalL 

The dorsal sur&cc of the nail u marked by fine longitudinal ndgea, and 
at Its base IS the pale area of the *half moon or Iwoda. This b well exposed 
m the thumb but towards the Gttio finger h becomes progre ssi vely more 
obscured by the nail fold beneath which It a frequently hidden altogether 
The lunula marks the area of the nail bed whldi a actually concerned with 
the formation tad growth of the nail Its white appearance b due to the 
fact here the tissue which u m the process of tranafonnation into the 
tranaiuccnl nail substance b rather opaque. 

In a longitudinal section the Md^hian stratum of the epidermis 
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coTcnn^ the nail fold can be followed into the bottom of the nail groorc 
where it become* directly contmuoo* with the ntfl bed underlying tie 
root and the body of the nail. The atratem comeum extend* for a abort 
dotance on the upper turface of the root of the as the eposydaat, 
while the stratum luodum appetra to be continuota with the Inm fnjrgrn 
of the root of the nail itself. The cpithehum of the nail bed, m which 
the stratum of Malpighi la r epres e n ted, is quite aharply divided into 
two zones. ProxhnallT is the feitlle or grjTmnal wiatnx which u 
with the formation or the nail, and which (ss already noted) corresponds 
to the lunula. Here there k no dear boundary between the laminated 
substance of the nail and the tmderiying epidennal for the latter are 
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•eetke ba bra cat oat of tbs m3 to them dw fim dir rmil pofifllm of tb« m3 bed. Tte 
ksioh of the osE it eeen to cofimpomi to the fKmiml hoitIx (Oik) tnxa wUA the mu 
grows. 'Rm rest of ^ ml] bed ii medeof the bw3b metrii (fm.). Ihe iset ed the bw 
b oT cr tepped by the eaD fold CA^V 

m process of being co nv er t ed into the former The distal part of the nail 
be^ which a called the xterxZe matrix, provides s smooth inert surfsce over 
which the body of the nail contmuoualy glides forwards sa it a pushed by 
the proliferative activity of the gennlnal matnx behind. The nail substance 
u hoe sep ara ted by a sharp line of demarcation fr o m the underlying 
epithelmm. As t seetton shows dearly the nsil m cresses m thickness man 
its root up to the datal msrgm of the lunula thereafter it mamtiina a 
umfonn tmckncH im to its £ne edge fFig 99). 

The epithelium 01 the sterile znat^ a ratha* thin. Beneath it the dermis 
a raised up mto a regular series of pspniazy ndga whkh nm longitndinsUy 
and are t h e ref ore seen m transverse secdoos. They are not reproduced to 
any appreciable extent on the surface of the epidermis.* The Tsscukrity 
of the denni* shows itself in the cfaanctcnstjc pink coloor seen throogn 
the translucent nail The genmnsl epithelium of the fertile matrix k 
relaOvdy thick, and the dttper cells which are cohunnar or cuboidzl 
display active mhesU. In the more superficial kyera the celk become 
p ro gre ssl relT flatter and ahow a gradual transIdoD into the thm, homy 
{smellae which form the basa of w naO substance. Granules hare been 

Tbs f ro o Ta ■e«p on ttia mai^ f nsO tiw cnmmn oly ttld to bs rsiswd 

to tb« ptpOhrf ridfri of tbs cWrB* rmtrix. Tbb cinW bo *», for tbov cen bo 

Men to toewnfd fma ib# oroi of (bo luemk wbm tbn« rUp* oro too flnt to 
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dcKfibed m the caiU*. atalnbig brown with carroine, which arc believed to 

repitaent the matcrud fnwn which the corncou* mamr of the nail tf formed 

T&»m*tcndU called oftyefegffl, but htOc » known of hs cfaemictl nxture. 
At the root of the nail the renam* of nocki can rtiU be »een in the horny 
lamellae, but tt the tail mort* forward! from the lunula the*e ditappcar 
Ithpo«jble however by wntable treatment with caustic aoda, to mtemte 
the mature tub*t«ace into thm tcale* tn which trace* of cell ttnicture 
may *tfll be detccteA . . . ^ , « 

llifi kmellae of the ntH he flat In relation to the nail be<L Occ adonan y 
they ahow local distortKHi* or irrejulantic* u the result of uneven growth 
minute air bubble* may aUo coU^ between them, gmng nsc to the white 
which arc not uncommonly »ecn la nad* the turficc. Gron 
diatmhances of the proliferatiTe activity of the germinal matnx (auch u 
ma^ occur with local injunea or in acute Qlncaaea) aomctimes lead to the 
fonnitton of an Irregular tm na ve n e groove on the suriace of the nad, which 
move* forwards gradually with its growth. 

growth of nafla The rate of growth of the nail* la not the tame 
m all digit*, and it ehowa considerable seasonal vanatiom Finger nails 
grow about four oma a* feat a* toe-nail* Studies on -Gsm naih,' made 
on number* auSoentty Urge to aBow of a atatutical analyna of results, 
hate ahovm diat there u a relation bet ween the rate of growth and the 
IcEkgth of the digio. Thus, the oad on the middle finger grow* the most 
ra^dlv and that on the little fitter the most alowly while the gi ow th 
rate or the thumb-nail la aligbdy Um than that of the second and fourth 
digit*. Comrvy to usual statement* there ia no aigmficant diffeatsice 
bween the right and left hand*. Tbeavetageialeofgrcrwthofthethuirih- 
nail m the wmter IS ^3 fi per day aiKf msummer 115^ or about ijincbea 
a year The nan'bttmg habit ia aaaoctated with a remadobie acceferation 
m growth which » abo« 10 per cent higher than normal- lAsdy there is 
•oroe evidence that die rate of nafl growth is affected by nutrition.* 

Head and Bbcnen* have ahown dnt the growth of the finger w 
retarded to a very coadderaWo de g re e when the band and fingers are 
immobihiedmatplintoraathcresiutofmuscularparijysia, Ontbeotber 
hand, if an nnmobihxed hand la bandaged and massaged daily the growth 
i* somewhat accelerated- Senaory nerve mjune* alone produce no 
in the rate of growth- 

Tbe fiiat tign* of derelopmg naff* in the tuiroan foetus are aeen towards 
the end of the third month of mttm uterine life. At tin* date the nail 
groove appears as a ihallow furrow m the epidcrmia corenng the dorsal 
surface of the tcmunal phalanx. In die area endoaed by the fold the super 
fictal layer of the eptderttui at first becomes thickened sad conufied, but 

true null are not formed tiU two months later Then, the ntfl aubttoocc 
differenmttt m the prcocimal part of the nail fold, apparently from the 

so CkA Kid U H, D Boatoo. Btodiem to mfl jnmh Brii.Jm(ra. Dwwai. 
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covering the mil fold can be foUowed into the bottom of the 04ul poore 
where Jt become! directly contlnuoia with the nail bed tmdcriymg the 
root and the body of the nail The *ti*tuin corocum extend! for i abort 
dataoce on the upper surface of the root of the niiJ ai tbe ffo Mjvkum, 
wbik the stratum luadum appeara to be continuoui with tbe thm mtrpa 
of the root of the nail it>elf The epithelium of the nail bed, in wirich only 
the stiatum of Malpighi ta repreaented a qurte «harply dlnded mto 
two xonet Proximaliy n the feititc or gtrmtMol wMnx whkb is concerned 
with the formation of the nail and which (as already noted) corretpondi 
to the lunula Here there ts no dear boundary b ett r een tbe lammatcd 
subftance of the nail and the underlying epidennai cells, for tbe latter ait 



P c 99 Dtajerwn o/ tKOon of t 6 nt^ rml. ilKiatnanc ta r*la»a n tfa* iwll 
•cetton b*s bm cut out f th« aul t ibow tlM fine dense) peptOee oi (he mil bed. 
twote f tbe neJ a Mvn t cormpw td 0 the gennme] fna «hleh ibe aeu 

grm mt 0/ the tiJ bed a mede oT tbeetenie metrtz (.SW ) Tbe not (be <>*“ 

le 0 lepped b the luuj Md (h/ ) 

jn proccaa of being converted into the former The distal part of the ni2 
bed which /• caJl^ the sfmJe jrurtnjr provide* a rmooth inert turfocc tmr 
which the body of the nail cnntinuoualv glide* forrards as it a poshed by 
the prolifcrativT activity of the germinal imtru behind TTie nail aubataoco 
IS here *epanited bv a sharp hoe of demarcation trom the underiying 
epithelium \* a aection show* clearly the nail mcrcasca m tbiclme*! fWi 
Its root up to the distal margin ot the lunula thereafter it a 

uniform thi(ii>c*a up to its free edge (Fig 99) 

Tbe cpitbebum of the «enlc marriT u rather thm Beneath it tbe dennu 
is raised up into a regular acne* of papillary ndge* which run loogitudmally 
and arc therefore seen in tranavcrac sectioas. They are not reproduced to 
any appreciable ertent on the aurftce of the epideniua. T7>e vaaculantr 
of tbe dermis shoiri itself in the characteristic pink colour aeen throogn 
the translucent nail TTic gemuoal epithelium of the fertile matrix 1* 
relatively thick and the deeper cells v hich are columnar or cuboidai, 
display active roitoej* In the more lupcrfiaai lavcr* the ccU* become 
progrcoivcly flatter and show a gradual transition mto tbe thin, horny 
kiwllac which form the basis of the nail substance. Granules have been 
T 7 u jMfpcudina] K^oo n **tn oti the of nail trt eatnma h utd 0 tx thad 

U>* derm*) p«pill*rr ndfei / fhc tenl* Dutna Tha cannot b« »o fof th*T om bo 
0^ tn exwnd f m d f m the uxa f he lunvl* «beT rhe»* nift* tn too fioo to 
cmj*e ibetn 



NAILS =« 

With the taumiKKm of tht* fimcooia. the eiarp htOTfly compeOKd 

diwibeome opened out lodflattmed. The tem^ of t)^ gmiuml 

m»tm: end the deep etretum of the chiw *111^0013 fin^ d^ 
jnpeared, end with thli chenge the dooble-htyeted dew beceme replecrf 
bvVemgle-Uyeied BeU. In other wotde » flettened ned repreeeoB only 

t^ thin protectiTC layer whiehcraheeth* the mem pert we claw 

Some of the etagea fa the tratirfoitnatiott of e daw into a t^ Ik 

•eenmcerteinof^ mote pnmttnePtufflttee in enetence to-day In the 



Fm < 00 . ZMi^Ttni ibenrini tb« straemn of • c3fw as feas ia ae«&uL Tbcdr*ra 

t.u r apm eA of vtitcb tfao •^ntum (Dc«^ St.) b tbe past, th« 

aope^oal vtnturo St) csordy foran pro^cchv ibulb. It b tbe latter atransa 
thbkfa p e i aa i ii tnPrteatt* tqfennflttadh. T1>etx3p«£d*]itranimaibt2nedlhirathebMl 
part of the ■ f rn ihu l matrix (ffan. Af ) *ad tfce deep atratgm fretn efae tgrroinal pert {Ttr 
Tbt rm of tbe cbw bcil b aaed qp of the ttciQe outHx (St. M ) 

•esflii CiiniwKte iat ifi digtti 'mtii \i» exG*:ptioti of the htg 

toe »rc armed with tfctrp clawv Thc*e arc aHglitJf leas cotnprewed than 
tbe typical daws of fcrwcr maomul*, md the de^ stratum of the daw 
fubsuuuix has dmsc&ed to a thia and indiathict layer which rt teems, can 
beoi no functional ngmficancc- In the larger monkey*, the deep stratmn 
has fira% daappwcd altogether and true nul* are found, but they aiill 
retain x xn et hm g of a daw like character m thar longitudinal curvature 
and their lateral comprcanosL In typkai lemur*, rt i» mtereating to note, 
all the digit* are prowled with fiat tmla with the eicccption of the eecond 
toe. Thi* retaim a pointed daw which it u»ed for acmtching and dcaiUng 
the fuT'-bewx it ta called the toOct digit Ljutly in the amall Prunate 
Tarxaa m which tbe digital padi have becenne derated mto apecialiicd 
tactile toca, the niili bare become leduced to minute homy plaque* with 
the eicepticm of the aecond and thtrd toe* which are wd u toilet digit*. 
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•tntum luadum just u It doe* dunng its growth after birth- ‘Witti fir« 
fbaned, the whole of the nail it corered on ft* exposed surface by a coo* 
tinuon* ertCTBKm of the atr a Uun corncum of the epldennn, and tb«cfbre 
at thi* stage actually be* embedded in the *Hn- The covenng layer of 
stratum corncum oitappeara before birth, except proximaDy where it 
periiat* a* the eponychium, and the dlatal «lge of the naH finaUy becomes 
lifted up and freeiy projecting danog the last moryh of Intra-utenne life. 
Before birth the nail* mm toy alowiy ao that, although hare then 
had four months of Uf^ they do not require cutthM in a oewiy born baby 

Sometimea, however at birth the extremely thm/free edge of the first 
formed nail mar project to sooie extent a* a fine membrane whidi soon 
becomea rubbed off in the co ur s e of the usual mampulation* of the infant. 

The relation of nalla to dawn From the functional point of view a 
fiattened rail must undoubtedly be regarded as a degenerate formatKm, a 
retrogression from the more elaborate structure of a daw Finger naff* are 
certamly used for scratching nurposea, and they also pro v ide a mechamal 
support for the digital pad of the terminal phaUnr. Posdbly by actlw as 
a coimter pre ssur e to the digital pad. they form part of a tactile mechan&n, 
for the dermal papillae of the rtsU bed am known to be parbcnlcily weO 
supplied with sensory nerve endings. Even these furn^nas, however 
cannot be ascribed to the toe-nsib b min. 

The erolntjonary ongin of flattmed mil* for rngulm) inxa sharp cJsws 
for faladae) ts stroogiy atiftited by morphtMogical evidence.* Qxwi are 
found m all poimtiTe and geneolixed gwmrTuT*. Hi^ an also a darac* 
teristlc reptukn feature, not only in modem but in extinct fonns (as 
evidenced by the shape of the tenmoal phalanx) and espedally b the 
palaeozoic group of theromorph reptiles Wn wbch h is slmoit certsm 
that mTmrtak were otigmally denred. It may be tssimocd, therefore, that 
in the ha—T mammalian stock whtefa m Eocene beesme differentiated 
tnto the vaiurus modem groups of bduilhig Primates, the 

digiti were aimed with dawa. 

Apart from their shape, a dsw differ* from a Epical nail b its strocture 
and growth- In many reptile* (e.g the crocodile and tortoue), the daw 
ts developed from thie wbole extent of the matrix of the daw bed- In 
mammals, the ^ i m inil i T u tr ir is to the prozimsl part of the 

daw bed, but it a divided into two pordoos, a baaal and a ttruunal matiiz. 
The latter produces homy famellM which (ts seen b swittal section) are 
directed upward* and forwards towards the tip of the cuw These form 
a deep stratum winch it the mechanically anpoitint part of the ciaw on it 
depends the maintenance of a sharp and strong pomt (Fig 100) 'nnbosal 
matrix producea homv lamellae which be flat in relation to the aurfux, 
and form a thtn superficial s tr at um which does little more than provide a 
pTotectrre co ver for the main underlying deep alrmUuu. 

In the early arboreal Primate s, the didtal pad* became mcreasbgJy 
spcoalized for tactile fonctioo* by broadenma out, acquiring a nch eenscuy 
nerve supply and developing a oooqilicated pattern of p^nlliry ridge*. 


W £. L« On« pToblan of tb* eUw ki Pdomo Pm. ZmL 3 m, IS* 
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KEincnt* of the tpiml conL By reference to the cutsneou* uue^cm 
which foOmn 1 c*iom of nerve rtwtt or of the ipinil cord, it tt pottle to 
map out the *1011 mto tret* corrtepondmg to etdi teginent- In t he 
of the thoncK segment* rcpreeentcd by the intercostal nerve* the overly 
of adjacent •egmentil temtone* i* qmte considerable, and it I* probable 

that the overlap i* equally tnaiked m other aegmcntal area*. The segmental 

treu are rcgiMT itpwed m a sene* of annular band* on the trunk, but 
in the finih* their primitive and orderly arrangement has been disturbed 
to a ccrtam extent The fact that the akin as a whole show* a •egmcntal 
pattern in hi aensoiy innervation u expUined by the developmental ongin 
of connective tisxue of the dermia. Thu 1 * probably derived in the 
early cmbiro from the lateral part* of the aegmcntal paraxial mesoderm — 
the wxalled dermaUmta 

It -mli be apparent that while a knowledrt of the cutaneous areas of 
penphcral nerve trunk* i* etaential for the magnons of pcnpheral nerve 
feaKma, 1 knowledge of the tegmental areas U equally important for the 
dugnoiU of letiani mvolnng the spinal cord or nerve roo^ It la also of 
considerable u*e m the mte r pre ta hon of what 1* termed refrmd porn. This 
u the pam or tenderoes* feh subjecttvely over an area of akm as the result 
of Inhammition or some other patbologmal fthnulatton involving some 
deep-seated structure, such as a visceral organ. In the latter case, the pain 
Is not felt m the nscus itsdf but ts rt fa red or projected by the patient to 
the area of tkm which ts mnetvttcd from the same sjnnal se^ent For 
example, m the earty stages of acute appendicatia, pain and tenoemeas may 
be feh in the skin round the umbthcui. Hus area is luppbed by cutaneous 
fibre* from the tenth thoraac nerve, and the appendix (or the pentoneum 
m relation to it) u also innervated from the tenth spmal segment. The 
delineation of an area of tendemest m the skin thus provide guidance 
m the localization of a visceral affection whose she is otherwise obKaire 
Nerve endings of akin and aubentaneous tUsuea Cutaneous 
nerrea (despite the name) supply not only the ibn proper but also the 
fubcutaneoua tusues and even (in tome cases) adjacent loint* and tendona. 
It IS convenient to consider some of the nerve ending* m contiguous 
region* as wdl ts those m the ikin proper partly b^use of the difficulty 
of defining any precise boundiiy between the denms and the subcutaneous 
tittue, Accompanymg the cutaneous nerve* there are also sympatbetic 
fibret whicb Inncrvttc the cutaneous blood vessels, the airector pili mude* 
and the sweat glands. 

In the skm and subcutaneous tissue*, sensory nerves tenmnate m a 
vancty of nerve ending!. Many of these are free, naked endings, rami^mg 

in the dcrroi* and in the dee^ layer* of the epidermis (Fig loi a, r) 
Other* are more highly organued m the sciwe that they are insulated m 
conucctive-tissoe capsule* to form sensory corjniscle* or end in what 
ypw to be ipeaal sensory cell*. WooUard ha* shown that each nerve 
are bean 00 it* terminal brandilQg* only one type of nerve ending and 
r “ *e same kmd on the 

CDuatenis 01 a tingle are. 

Of the Kiuoty corirado in nan we ray briefly refer to Kroe of the 
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The rich nore tupply of the ikin obtrude* it»elf on the notice of the 
ttudent of cnatomy in the fint (tsget of fall dissection. Setrchiog for and 
tncmg out cutmeoui nerve* in the imznxn body 1* an emrttng wfaid} 
require* considerable iHII and patients, for many of them are e x tre n idy 
fine. These nerve* arc branches of the mam mixed tmnki which Qo in the 
deeper dtsuea, and they enter the superficial fiacta by pierdng the deep 
&*m at rektirdy fixed polnta. Ranufflng freely beneath the akm, they 
are each distributed to cutaneoua areas of f^y constant extent, thoo^ 
the latter may abow indindoal variations s uiE cie n tiy marked to requlit 
attendoo m the dinical examination of penpberal nerve ugunea. 

The overlapping of the terrftonea of adjacent cutaneous oerves is often 
quite considuule, *0 that the area of complete anaeatheaia following the 
section of one nerre is oever as extensfre as the area of its supply delineated 
byanatonucal dissection. Sonttundingsucbansreiofcompleteinaesthesa 
u a tone of variable width m which, while the finer danents of tactile 
sensation are loat, cruder forma of sensation such as pain stfil persist 
It thus appears tiwt the overlap u practically confined to the fibres of the 
cutaneous nerves which conduct the latter of impulse. It a interesting 
to note that down the utidHoe of the btxly (ocept In the region of the bps) 
there u usually no overlap betwwn nerves of e^er side. 

Anatomical cret* of cutaneota nerve datribution may be mapp ed out 
over the surface of the body by several methods. The most obvious of 
these are ginaa dissectum and the study of sensory loss ftJbwmg nerre 
iniufMs. Dissection has certam disadvantages, for the tenmnal branches 
of a nerve are so fine as to be traced with diScul^ and, since adjacent 
perrpberal nerves and theu^ branches often effect direct anastomoses, the 
course of the constituent fibres derived from different main branches 
cannot always be followed. Expcninental metbods on nannal hvmg 
individuals are available which provide accurate resulta, and inad entan y 
allow of a co mp fehenaive study of mdividoal variabona. Cntaneoui nerves 
may be stmmkted by direct epplicstian to the skm immediately overlyiiig 
thwn of a finely pointed unipolar elec tr ode and the passage of a weak 
fuadic current (using an iodaetton ooS sod a 4 volt acarmnlator) This 
gives nse to a eWaderistte tmghng sensation extending over the area of 
•km supplied by cotaneoug nerve. It has further been found that, 
If a nerve n stimnlated whfa an sltemating current Of a c erta in strength, 
the wHt> grea which it innervateg is render^ inscngitivo to toijch. By this 
method, it ii a simple matter to map out the area prediely by tcatmg the 
with light tactile atonoli.* 

With the exerptwn of the branches of the spinal nerves which p reserve 
tbcir aimpie segmental airangement {e.g the intercoetal nerves) most 
cutaneous nerve* are comp os ed of fibres which are denved from several 


r, A «bT^ ■ppOTtq far hanm atrm . 
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along the Mm fibrea ot Paanian corpmclt* which bare b«n opoKd to 
different hnda of lOmalitioii.' In the aobcutmeoua BMuea the corjm^ea 
reapond to tictilo pieaaurc, while in jotnla and tendona they provide a 
proprioccptrre mccnaniam whereby movernenta may be regiatcr^ 

Situated quite fuperfically in the dernu*, and often tPithin the dennii 
papillae, art Maspu/s evTp^ (Tig loi B> 6mce they arc mticly found 

m cutaneou* aitaa which are partieuUrfy aenntivc to touch, they have b«n 

regarded ta ipeoficiiW related to tactile acnaancm and art aomctimei called 
‘tactile coipuadea arc cylmdneal atructurta teaching a len^ of 

not more o-i mm„ and withm them are transvcrfc lamellae of con 
nectirctimiebctwccat^tJi are a few flattened cells of epidermal Ongtfu’ 
Each corpuscle receive* a mcdullated nerve fibre which winds iphally round 
iti Itwex part and, after lonng tta ugcUa aheath, ends by ramif^ng mside h. 

Pacuuan cnrpoicka and the cotpuscica of Meisaner are relatrvdy 
numcrotii m m«n. Le*s frequent typea of nerve endmg which may be 
noted are the «*d argara of Krcaist m which a nerve fibre ends as a globular 
nctwoiimafiaecapsukofcona«tivetissae(Fig loi c) and the corptorfr* 
ofG<Jgi Afexxom whidi are aomewbat similar to Paoman bodiei but mudi 
tmaOer and much Iom eUboritely organixed. The corpmdea of Krause 
are tdd to be ptrdcuUxly nuiueroQt m the skin of the cciemal genitals and 
die area surrounding the oipplc* ^Hnalty mention should be made here 
of the which are also found m the demns. They some- 

what resemble MeLstner s corpuscles, but they are really free nerve endings 
of non-medidlated fibres arranged m a terminal brush formatiop, and th^ 
are not encapsulated. 

Relatioo of nervo ending to sensation Ofgrcat anatomical interest 
IS the question of the relatjoa of different types of sensory nerve endmg to 
different fonoi of sensatioa. That such a return exists u probable 
by the observslion that m the skio there are mmute areas sensitive to 
different sensory ttnnuli, which have a discontmuous punctate dotributKm- 
Thu suggests mat each sensory spot may be related to a specific type of 
nerve ending 

The punct ate nature of cutaneous setaabon is most easily demonstrated 
m the esse of tcnqieriturc. If t hot or cold metal pomt is pUced m contact 
wife fee sbn, sensabons of beat or cold arc only felt at certain spots, which 
are therefore called best snd cold spots. B etw ee u tlw spots the akin 
•ecmitobcmietMDtivBtDlempcrttureatiniulL AannflarpurKUtcdistribu 
bon IS diimed for pamfol and tactile sensaboni, so that the whole akm 
has been spoken of as ■ mosaic of tiny senional arcM rsch of which 
responds specifically to one type of attmulos The acenrecy of this con- 
ception has been caDed mto question- ‘Pam spots are to nomcrmis that 

it IS difficult to plot them all out mdmduany while toudi spots m so 

^ as they have any punct*te arrangement— seem to be related to hair 
foUidcs. In regard to heat and cold spots, also it has been stated that 


Wuii Mtawr* carpcwdis an d a raeWt hu aDy eoonwalawrf. oirffB ■inll.r 
«dfan «wtKm u feuad to ■ das.1 p.pCU 
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commoner type*. Tbe lairot *re the PocudaH corptstla (or 
conJTi*des> dJjtmgulihed for the £*ct tiut they are the only tcniory nerre 
enom^ Trnlch are readily risible to tbe unaided eye (Fig loi p) They 
are oral in ihape, and raiy in ttxe from i to 4 Tnm. fo length, and op to 
3 mm. m breadth. In s t m c tux e they consist enentially of numerocs thin 
la m e ll ae of coonecdre tissue arran^rd In a closely concentric fonnttkm. 



Fto. 01 Diigm ot wctiao t far o o sh tfa* HBmat typa oi tamoej 

oeiT« — (bMod OG hiKolofickl Datfenal prepared hj hJo, Wooflard ax^ O Weddall^ 
Abore ii aoeii dM tpW t ennla aad b^ow tba arab oi t iamu i 1»^ ol btxy Una. Between la 
tbe coriom or deonii of tbe akin. A. Tactila nar^ endm j In tha epldamw- B,tAtiMoas‘ 
co rp oac ka abuatad in drrmal papiltae. Fran tbe corpuda oo toe rlgbt oarra Bbi* b 
cootkjucd into tba apktarrrtia to foim tactila ending. C Rjxuaa and orc>n*t wbkfa 
raapood to cold Bfmnili, D Kerra wiAfnga rcaamblkig Roffini* end onaett, babarad to 
ba baaC rccaptm. K. Narra rtximgi fi^nittna edvraOedatjo raThada to rroadan aitnnd 
tba baaa of bair fonkSe, F Floa iiitrnaa obrta •w likij fuuo rich plmn crerpebara 
Mccocatkic tbe d em h, ako pauatiaima into tba deeper loTva of tba epldomih. Tbeaa 
Sbrea Kibacrra tba a an aati o o of pain. P TVfalaa c o rp u ae J e teu a i r nad br main uarra 
Sbre with prawora a a j aa tlun . and abo bj an ii i.aaawT fibra ot tba pain tTP** 

Fjfb corpuscle is pierced st one pole by t couie medoHsted nerre £bre 
which, knhig its n^dm ahrath, cods In t o r m ina] eipsnrioos m its ceotre. 
PEoniin corpuscles tre found m tbe superfidal fuels st some little dktsnce 
from tbe surfsce of the at4n, and they mre psrticuUriy nnmerons under 
tbe digits! pads of the fingen. They ue also found quite freque nt ly in the 
fibrous capsules of jolnta, in ti^rdona, in the walls of large retsels, m the 
p..,TioT^’tTt, and in the peritoneal mesentenea of tbe abdominal rucenu 
TV^^ ia bttk doubt that they are ^»cci6c end organs which respond to 
atTTPuIi of prcMgirB and tension. Thd hu been parttculariy 
well shown by ekctro-phyilological studies of the passage of impulses 
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With a wup of cotton wool Again, thaving off tWn tha* of epidcrmu la 
quite a pamlc** operation untfl the vaacular dcnms it reached and bleeding 
occura. If the ito u blittcred, tactile teniation remamt to long at a thin 
film of cpidennit it left intact, but at toon at the whole thickneit of the 
epidennit it removed, it can no lon^ be appreaated and a local itunulut 
applied to the denuded area onty ^cit# painful tcntationt, Expenmental 
embryological evidence tupportt the nnpUcationt of theae obaervatiant, 
for It haa been found that in the developing limbt of tadpolea the firtt 
appearance of a definite iwtioa to light tactile ttimuli u tasodated with 
the mvation of the cpidcnnis by free nerve endingt.' In most parts of the 
free nerve cndmgi are limited to the deepeat layers of the stratum of 
Malpighi, but m the hand, where tactile sensation U very acute, they reach 
up as ^ as the stratum granulosnin. A similar plexus of free nerve endmgs 
is found among the epidermal ceUs of each hsir follicle (Fig tot E) and the 
relation of hairs to tfrtilr sensation ts wcD estahbabed. When the exposed 
partofshairiatouchedandslightly displaced, the movement is transmiUed to 
Its root and stmmlatea the nerve endings. lfhiarecogmiedthatthee:qx»ed 
part of a hair it the long arm of a lever with the fulcrum at the skin surface, 
It will be tpprcciited mat the force resulting ffom a shght lateral pretsure 
applied to the oposed part wiU be considerably magtiifcd at the root 
While U may be accepted that the free nerre endings in the epidermis 
are mamty responsive to touch there u histological evidence that pain 
fibres (which are charactemed by thor fine vancose appearance) do reach 
the deepest layers of the stratum of Malpight But pamfol cutaneoua 
sensation, it is agreed, u reamly subserved b^ a nch subUpidermal plexus 
of crueni ety fine vincosc n ei T c fibres which everywhere permeate the 
dermts immediately below the epidcnma (Fig loi f) Similar plcxusca 
are found m other ttssnes which are responsive to pamful stimuli, e.g the 
tunica adventitia of blood vessels, penoiteum, and the sheaths of tendons. 
In general it may be said that impulses are initiated m pam fibres by any 
Bttmulos which exceeds normal physiological Imuta, and which therefore 
leads to actual injurv of the t issue s , or tends to do so Thus pain sensation 
serves predommantly a protective funebenu It u therefore mteresting to 
note tint cutaneous enil organs concerned with other kmds of sensation 
are not only supplied by their own specific nerve fibres, but are in many 
cases also mnervated by a fine accessory fibre ofthepam^pe. Thusifa 

stimulus such ts heat, for citmnie, becomes so excessive at to endanger the 

tissues, the sensation of warmth ii replaced by a sensatioa of due to 
the stmulatian of the accessory fibre. The ictual tcrminstion of a pam 
nerve fibre is s rich aihonxation of free endmgs which may extend ov er 

an M as Im as 07^ cm, each overlapping and interlocking with adjacent 
CTdmg^ 1^ sac of the ending explama why painful mmuh cannot 
be locsUied with the same pieosion as tactile stunuh, and the overlap wbv 

if^ter mtcmiptian of a cutaneous nerve, the area of analgesia u smaller 
than the area of aaaestl«ia,> ^ 

to cuimoijm 
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tbc7 vtry in petition from ono time to another *a^ge*ting that, while the 
entire al^ lurface u in &ct aentitive to at anjr pcrttoilar 

moment on^ c ertam icattered pomta are ictiTely reapontire. HovreTcr 
thii ia not m accordance with the ezpenence ^ many obaerrert who, 
thoogh admitting that all the beat and cold epota in a given area of akm 
mar not be detected at one examination, mcntaln that thej remain 
and recognitable for long penoda of Hrm-, The number of theae apoti 
Mcma to abow conilderable individual variability For example, there hare 
been found in one peraon aa many aa 70 cold apots in a aquare ind» of 
akm, and in another not more 18. 

During the paat few yearv, expemnental atodiea on the anatranical bata 
of cutaneoua aenaatlon have given additional anppoit to the conceptkm 
that the different morphological t3rpea of nerve ending are etch re ap oacble 


mainly to one speote bnd of stimulus. Thus thi^ are ap eeme touch 
ending and otba endings related to the aenaationa of pre ss ure, heat, cold, 
or pain. In other words, it appean that the akin la sprinkled with pen 
pbeial analyaen which, so to speak, sort ont* the various stimuli wfakfa 
impinge upon it so that finally oy tetintv of the Higher ce ntr es of the 
brain, the mdivldnal «**n recogmte Hwn Tin them ffom each 

other It n mtereating to note that in lower animab the divmaiiy of 
•enaoiy endion m the akin IB not so great aa it b in man. In erohitiaotiy 
history there has endentiy been a p rogr ea u ve in creas e In the capacity to 
b e t w een different forms of cutaneoua amotioo, and therefore 
m the capacity to analyse the details of the e xt e rnal e n v mmm epl m ao £cr 
u they meet the cutaneoas nerve ending 

It has been generally assumed that panful Benntions in the akin are 
subserved by the free endmgs of very fiw medullaled and non-medullited 
nerve fibres in the epidermis and the sub-eiudenDal tiaaiiri, Several 
reasons have been advanced for tlus aaaumption. They are the character 
latic type of nerve ending in the amfiace ^ the cornea of the eye or m 
the ear drum, where onty painful aenaations can be elicited. Tb^ hare 
been found to be the onre type of ending present at the m a rgm of ulcers 
where senaatioii is also limited to pam. Direct atimolation of the fine 
fibres in the rabbit’s car (in which they can be aeen after ■tnntng ^dth 
methylene blue » creo) gives cbe to what b evidently a palnfol response. 
Lastly there b expeniimtal evidence showing that. In the n exrt recta and 
the fpinil cord, pain impulses are coodneted by the finest modallated or 
Don-meduIlEted fibres. 

Not all the free nerve endinn in the akm are concerned with tr ansm itting 
pin impulses. Indeed, there la good evidence that those in the epidenma 
are entirely caiMyrnrd w& touch in other wor ds , ao &r as senas> 

tioo IS coocemed, the epldermb la essentially s tactflr mechanism. Thb 
can be shown by some very annplc experiments.* In the first place, a 
of tou^ results from lightest stunnlatum of the epldermb 
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aboro dovmwanls but from all aides tlio perimeter of tbcrarca contracting 
more or less crcnly as sensory recovery spreads towards Its centre tTve 
second point which has been esuWIshcd Is the prinapio of the multiple 
Innervation of sensory spots, IIjus^ Wcddcil found that cadi toudi spot 
contains a number of Mdsaner'a corpusdea dosdy grouped together and 
innervated by fibres approaching them from dilTcrcnt dlr^ons. Some of 
the fibres rcadi ihdr termination more or less directly, others may pursue 
a tortuous course through the subcutaneous plexus before they reach the 
spot fllmlbrly each cold spot Is represented anitomlcally by a cluster 
of several Krause s end organs, and each hair follicle Is supplied hy two or 
more sensory nerve fibres iliU multiple Innervation provides a mechanism 
for tlio summation of stimuli and thus fadlllatcs the discrimination of 
stimuli of different Intensity It may also provide the mechanism whereby 
a local sUmului can be accurately localised and It is of ccmsldcralile Impor 
tsftcc for understanding the process of sensory recovery after section of 
a ailaneoui nerve 

If a sensory nerve, such as the supcrfidal pert of the radial nerve In the 
forearm U cut, has of sensation occurs in tlic cutaneous area of Its dlstnliu 
lion As regeneration of tlw cut nerve approaclics cxwnpictlon and new 
nerve fibres grow down to reach the anaesthetic area sensation once more 
returns. Complete sensory recovery however Is jwt abrupt in the re 
innervated portions of shin It U a g^uol process. In a classical study of 
Oils process, first published in 1908 Head described two consecutive 
sttges ‘ On the compltUort of the first staM the sVm only responds to 
sensory stimuli of a gross cluracter lliat n to say, the individual can 
oppreoatc piln ind the wider ranges of temperature. On the other 
wnd tlic scnsitlons arc somewhat crudely felt, they cannot be accurately 
locallxed and tlioy luve no quality of gradation Ilils type of sensation 
Head termed pro/opet/rir lailtron in Uic regeneration of the nerve the 
crude senslliliily U lupcrsedcd by the dcvciopincnt of a more it:fir>cd type 
of sensation to which the term tptentic was applied Ihli alio\TS tiw 
recognition of light tactile stimuli precise localhcalion the appredatJon of 
temperature differences clow to Uiat of the liody, and the perception of 
gmUatlon In the intensity of the stimuli Head sunposed tliat the two forma 
of sensation arc subserved by different sets ol fibres in the pcrinhersl 
nerves, which regenerate at difTcrent rates. An evolutionary ilgnllicance 
wis also Imputed to the two catemries tlio protopathlc representing a 
primitive sensory system allowing iuclf on the eflector side as crude mass 
reactions in response to painful and pleasurable lUmuli and the cpicntic 
a Ulcf evolved dlscrimlnstivo system whicli allows of more dclicatclv 
graded responses, ^ 

Head * ^ccptlon of t dual mechanism for cuUneout sensation must 
now l)c dl^r^ Tlio comprehensive studies of Trotter and Davies, 
ll^ng and others, liavc failed to confirm some of his original observa 
Ions and give no support for the thesis that sensory reeovw occurs In 
two definite sUges.* Kcpcatcd sttempu have also failcd^m show any 

jy 1) Tiwlo-.nd II M r.pcilmcMj mdW «, u, larKrYilko d 0«, 



It htt been noted above tbat Meissner*# corpoaclea are ccmmonlr 
regarded as tactile organa, and this aecma to be established by the &ct that 
they are tcit numerous m areas particulsrty aensrtne to touch, such as 
the skin of the finger hps. They are not the only nwbmjrrn involved in 
this s en sation for as we have seen, free endings in the epiderma ind the 
nerve endinCT related to hair folliclea also rca|>oc>d to touc^ In tress 
of the skin, i n deed , the corpuacica are voy sptne Meissner ftumd 

only ooo in 35 sq mm. of skin on d» front of the forearm. 'Woollard has 
demonatrated that many of the fibres which tennlnate Ireely In the epida- 
mia are rea^continuadona of nerve fibres which have entered Mencncr’a 
corpuscles (Fig loi b) Hence there can bo no doubt that they arc am 
cemed with the tame tjqie of sensation.* In certain regions of the epiderma 
in lower mammals (e.g in the pl^ s snout) n<»r w endings tw m mjtii In 
disc like ezpanttoos dbsely trailed to spccalixed epidennil Tliese 
end formanons are called MirhtTi cerpustht It b doubtful whether 
corpusclea of this speathxed type occur m mrt, but somewhat gmlUr 
disc like erpanaions have been dcscrS>ed — partsoilarly m rebdoo to ths 
epidermal of hair folhdea. 

In their apemnents with human ■Vm, Woolbrd and Weddell hare 
demonatrated the comadeoce of cold spots with the datribution of Krause t 
end organs (Fig loi C) It has already been noted tbat these are parti 
cnlarly numeroua in die skin of the extenial geniab and the area snrrotmd 
LOg thie nipple. Hence a cold ttiarahia applied to these aresa ghts rue to 
an unosaallv mteose and vivid eematum. The idenmScaticm of the esd 
ornos for the appreciation of wannlh has been a rMttgf of consckrabb 
difficulty Experimental evidence has sngvested that they are situated 
billy deeply m the tkm, for there ta a rSier long latent penod In the 
re^Kmae to a thennal stimahis. Hieir drath has aotoaliv been measured 
by atimubting them whh an extremely fine needle pruned directly into 
*^in by thb method a tenaation of wa rm th b aroused at a d^ith of 
1^5 to X 5 mm. (as ooc q i ar ed with 0'35 mm f<jr the aecsation of pain). 
HiMological study has now Identified the beat spots with doKly clustered 
nerve endings wnicb appear to be similar to toe end organa of RnffinH 
(F^ lor d) 

llie pattern of sensory lonervatloai of the sldn Two important 
anatotm^ fnlm cs of entaneous innervation hire been made dear by the 
study of whole prepsratictns of the sldn m which the nerre fibres and their 
endings hive been atamed mtnrntilly whh methylene blue. In the first 
pbee, there b a moat intricate sobcutaneoua plexus from which fibres 
enter any kxallxed area of akin hum all dlrectwaa. It b because of thb 
that, dtrrmg sensory rccoverr after mtemiption of a sensory nerve, a 
drcumscribed patch of anaeatheaai tn the arm or leg does not sjirink fron 
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plexus in the soperficttl p»rt of tbt dermis, snd from this again, terminal 

trtenolesanio to reach the dmntlMndU^ In the latter the capDlancs are 
arranged b charactcmtic loops, Theac loops can be seen and studied 
during life, and, by observing changes in their appearance, important 
information has been obtuned trhh regard to the reactiona of capillary 
bhx^ vtssda in g«ieial to various types of stimuhia and m mfl a mm atory 
conditiona, Tlie method of observation consists of dehydrating t small 
pitch of slnti ^th alcohol applying a drop of cedar wood oil, ill umin at ing 
the vnth a coocentratea beam, of light, and exambing it with a binch- 
cular microscope. By this meana h U pouible to see not cnily the ca pill a r y 
loops, but also the tub-papUlary plenis.' 

A characteristic feature of the visailtr plexuses m the skm is the large 
number ofartenovenousonaftomosoi found hero (seep 186) Ittsbelicvcd 
that these pr ov i de a mechanism for giaintalaing the temperature of exposed 
parts when the muscular wall of the anastomotic connenona la 
relaxed, they allow a much more rapid circulation than could take place 
through a capillary bed only It la interesting to note, therefore, that they 
are absent b the ■Vm of cold blooded venerates such ts reptiles 
The lymphatic drainage of the skb is effected by cloady meshed super 
fiaal plexuses of lymphatic capdlarka wbch be immediately deep to the 
sub papillary plerna of blood vcaiela. According to Forbes • three Wm 
phattc plexuses can be recogmzed, fi) soperffoal which be^ns as minute 
channels draining the dermal papillae and forming • network at the base 
of the papillse, {t) interxnedute, occupying the middle third of the dmnis, 
and (3) d^ occupying the deeptf ls3fer of the dermb and the superficial 
xone of the subcutimeoos tinue. Ihe vessels of the deep plexus are ai^iphed 
with vatrea, but the latter are absent m the supeifi^ and mtermediate 
plexuses. The density of the lymphatic plexuses vtnes m different areas, 
bciog g r e at est m the sole of the foot and the palm of the hsod. From the 
deep plexus collecting retieU snso and run proxiinallT m the auperfiaal 
fisaa m close topogrsphicil relatioa to the superficial vems. At certam 
well de fine d points the cutaneous lymphatic vessels piss through Lramai- 
m the deep fiucta and so join the deeply ntusted vessels, but, before doing 
so they may bo mtermpted b their course by superficial lymph nodes. 
It IS of some practical importance to note that peripherally there is no 
anastomotic communication of any dgmficance between the cutaneous and 
deep lymphatic plexuses — the deep &sda forming tn effective bamcr 
be t ween them, (see p 0x9) 


9 THE REGENERATION OF SKIN 

Skm shows a high cipsaty for iwneraUon and repair akin grafting is 
tha^ore a rommon pxedure m phatic surgery If a patch of epidermis 
a snsvrt off provided fngments of the stratum genmnativum arc left 
here and there, repair takes place very rapidly by the prohferatiTe setmty 
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THE TISSUES OF THE NERVOUS SYSTEM 


O NE of the most cmtitinding duiactemtici of a Imng orgwmm u it* 
poTTcr of integration, that i* to aiy it» ability to combine vanou* 
functional proceaee* in complex and co-operative raiction* bo a* to lead 
to a unified re*pon»e adaptca to the total environment at any one moment. 
On the ode Integration impUe* the correlation of incoming im- 

pul*c» dependent on atimuli anaing outnde or mdde the organum, vrhile 
on the motor tide It mvolvea the co-ordination of efferent nnpulsca to that 
the activme* of individual muidct or glandular mechamarm are combined 
barmomouiiy 

Integration u a property of umccUular orginitmt and also of simple 
mohi-cellular orgamtmt wmch have no nervtm* tyttem. In these forms it 
depends on the trantnusnon of the effects of mrfhtniral and chemical 
ttimuh from one part of the cell to another or from one cell to ita immediate 
neighbour Such a method of tranamitaion mutt mevitahly bo tlow and 
the mtegrated retponte* dependeru on it axe of a vety tnnple nature. \Vhh 
the dcTelopmeat of a drcolatory tyaton a means b provided for co* 
ordinating the a ctrvm ea of distant parts of the body by cnexmcal aebratora 
distributed in the bkod stream, udoenne gknda exert thcb correlating 
tetmne* in this manner A far more efSaest integrating mechaniam u 
mtroduced by the development of a nervous system, for mis permha of a 
very rapid transmlasioa m the effects of a stimulus over wide treti, and 
also allows the buHdmg up of extremely mtneate and elaborate mechaniams 
for the c orrd a tiotx of incoming stimuli and the co-ordination of motor 
reactioDa. 


All hvmg protoplasm shows the properties of vniahUtty and cottductwiiy 
A simple unicelhtiar orgmism vs sensitive to local medanical or 
stimuli, and the rcsuhi of the stimuli are transmitted from the pomt of 
thar application to other parts of the celL These properties are developed 
to a hi^ degree hy the cella of nervoua tasuc. To provide long conducting 


paths the cytoplasm of nerve cells u drawn out mto thread processes 
(nerve fibres) which may extend over a considerable linVrT^g up 

penpberal structure* (sodi as sensory surfaces, sense organs, muscles and 
glands) with the centralised organiiatioo of the bram and spin*] cord. 

Along these fibres impulses can be propagated with greit rapidity m some 

esses reaching a rate of about 115 metres a second m man. 
f ^ ra tion of sensory stimuli nervous elcmcnu arc modified to 
form tpecjalixed receptor mechanams which irc scsttered over sensorv 
surface^ OT concentrated m tpecisl sense organs. Most of these recep tor* 

art highly se^ve to one pmicalar kmd of stmuhii, and are tbeiefore 
sde^ve m f unction. By this sp eoahrst ioti the organism ss s whole 
becomes rcspomiTc to a wide range of stimuli (mechanical, chemical. 



3o8 skin 

of theM remnant*. Otherwiae, a D«vr cov eri ng of iMn is formed ora- the 
denuded area by a gradual ertenriop from the margbis of the wound. 
Haira win not grow fiom the healed tor&ce unlea the deep portiona of the 
ongmal hair foUklea have been left intact. On the other hand, sweat glanda 
can be regenerated from new epldcnms after the whole thKknesa of the 
ekm has been removed. 

It has already been mentioned that the papillary ridge pattern of the 
fingen la accurately reproduced if the epidermia is scraped or burnt off 
to long as the underlying demus Is not de str oyed. In the latter case, 
althou^ papillary ndgea are regenerated they do not conform to the 
original pattern. In a aenea of tranaplantatian expenmenti Boe^ has 
shown that nerve endings (sensory corpuscles) are differenttated aftesh in 
grafted ekm, and that the type of corpuscle which la found under these 
condltuma is detenmned by riia grafted eplderrms and not by the regenerat 
ing nerve fibres m the region where the graft is made. If for example, a 
portioD of ebn li transplmted from a duck’s bill on to ha leg, the sensory 
corpuscles which become differentiated m the graft are those which are 
DoiWlly characteratic of the bill (Heibct s corpiisclcs). 



THE ANATOMY OP THE NEURON Jii 

to tie lotTO- end of the tpuul cord, or the motor cell* of the spun! cord 
trhidt limervite mueclei at the extremioei of the hmbj In a aecond type 
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sound vntvt* ind hght wtvct, See.) winch lums thecr ongm m changt* in 

the eiternil or inttrotl cnTirtniTncQt of the orgtnism. 

Fundimentiny then, the ncrroiu iTitem a made op of ceU* highly 
■pecnlued m tl» direction of Kimtm^ *nd conductivity and it h cen 
tnved pnmtniy for the reception of senjory atfamih and their tremniMioa 
to effector organs, wfaetiier mutctiltr Of riwululir ttracturet. InaHverte- 
hnites tbt$ traDsmiwwn tthes place a?mo«t eotirclr through c oentnU 
OTganuaticni, tamed the central nervous systean, wjneh is. n^ed up with 
receptors and effectors by afferent and efferent conducton. The nectral 
compoKUon of the centzmi nervous s yst e m Is exceedingly complex and 
provides the anatomical haart for modtffcation of behavtoural reaetkaa xa 
dote adaptation to the requirements cf any given situatkm. The more 
elaborate the ceotiai ncrvoui system, the greater a the nutge cfT adjustments 
which the organism can effect m relation to ha total e n n r ocmeat, and the 
more readily is it abb to detenmne its behaviour in accordance with tite 
rcaulta of past expenence. 


1 THE ANATOMY OF THE NEURON 

The ultimate tnatoimcal unit of the nerrocs system b the neoitm, that 
is to say the serve cell with itt processes. 

Is a typical molcipolsr ceO fouch as the motor ne nr on a of the spinal 
cord) the ceU body a polrgond in shape, with a centrally placed rotmd 
cootainiog a w^>d^ned mideoKis (Ftga. 203 204,216) Thecdl 
processes are cf two types— a number of ahort, richly bnmehed, and 
often varicose proce ss es called dMdnUt and a single eiragtted process— 
the axon or ant cybndtr The latter is uniform in dUto^r and ext en ds 
for a vinable distuice before it breaks op into tennlni! arbonxxtkais (ti^ 
dfndna). In its course it may give off centers} branches though these are 
usually very few 

The neuron shown s dynamic polan^ with respect to its processes — 
nerve impulses being directed towirds the ccIJ body by the daidrites tad 
away from the cell body by the axon. Whhin the central nervous system 
impulses are conducted from one part to snother along a chain of neurons, 
^ terminal arbonxaijons of the sxon of ooe neuron effecting a contact 
with the deadntes or the cell body of another Such a conocircm is terroed 
a rynaptt The stroctund and ftmctionsi complcoty of the tymqise is often 
very great It b estimated, for example, that the dendrites and ceU bodb 
of a Kngle motor cell m the tpusaJ cord may be in synaptic rebtioa With 
as many as a iboiMand axonal termioab bringing tep^scs from other 
nerve cells. 

The rdsUve lengths of the sxon and dendntes, and the number of the 
Utter vary In different types of celi In the type of motor neuron to which 
wc hare just referred the dendntes are numerous and relstcveJy short, and 
the b long (Fig ica *) The htmr may even reach a lerq^ of a feet 
or more, as b the case with the br» nerve celb in the upper part of the 
motor area ^ the cerebral cortex wboae txona extend in continuity down 
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of n«mm the non U qmte tbort, to thit it a difficult 
morpiioloB^cilly from the dendntei (Fig loa b) Su(ffi nerro 
tre u»uilly tm»ll) tre ibundtnt m the grey nutter of the centml 
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lyitem vrbere, u vdtrcalaUd nrurms they pky the part of Itrifcing Qp 
iSerent and eSerent neuron*, and in tome cote* form campbated 
0 rgtninti on*. 

A third type of neutron is irprcaented by the cell* of the poeterwr root 
gingUa of fpittol oerres tnd ftome of the equmlent eenyoiy g*n^ of 
cra:^ nerve*. Here, the procen TrUch condnct* impiibia towards the 

S («nd which mutt there f ore be regarded fcmctlcmilly ts * daidnte) 
extended, while the eS^eicnt pro ce ** (or txon) a much ihorter 
7 tre fint devdoped In the embryo, thm cgEi xre tpmdleHhxped 
tnd bipolar with a distal process (dendme) which runs from the perml^ 
to thft and a p mTim«i proceas (the axon) which runs from the cell iritn 
the central rterroua lystem. At thm s n o c Ji m tPt to the cell body the tm 
proceiaea ore grodm^y ap p r o xi mated and ercntnally fuse, to that the 
cell becomes jfparattfy unipolar with a thif^e pro ce ss which Hf uioa ts 
^g.i02e). 'ntedend^otfochacellinxyeate^actmsidefsbledtttxDce 
from the sensory sor^ce which it innervates to the spmol gang! Lon, while 
the axon often runs s rdstivety short course &Ptn the ganglia the 
ipmtl cord.^ v 

The embryonic bipolar chsrocter of the sensory gxngfion cells a retxioed 

in the ganglion ossodsted whh the oudimry nerve and also by the ol&ctoir 
seosory nerve ceQo, while m some lower vcrtebrxtea (e.g c eiTaI n fiihea] it 
persists even In the sploal gmgla, Although most Dcuroe* in the central 
nervous mtem are uplpolor when they tre first di fier e n tia te d embryo^ 
logicdly (Le. a developiog nerve cdl usually sends out a tin^ process to 
b^in wttn) h u doubtfoTwhethex diere are b the sdnlt nerms syttexu of 
mammals any true unipolar though r»r t » !n fgik in the mid-broin 
(the ceOs of the mesencephalic nudeos m the fifth oaniol nerve) have been 
described os sudL 

The sue of the cdl body of a neuron vsrk* withm fairly wide limits— 
the tmolktt cells in m»n be^ less *hm 5 ^ in (fiometcr tnd the lin^ 
reaching ts much ts 120 ^ Tne factors determlnins the tixe are not ndly 
known, but it is certainly related in port to the lenra and tUcknets of the 
axonal process. In general, the Ioqto the exon t^ larger the cdl body 
while somatic motor n erve cdls wfaiw give off coarse txans ore larger th^ 
vfacenl cell* which give off fine axons of an emiivilent length. 

Tbe intemsl structure of nerve cefis and their processes now remdits 
cocsideratkm. In tbe cytoplasm a number of cbsractenstic consmoent 
dements and inclnskms can DC detected by appropriate methods of stomlng. 
These ire the NlssI bodies, neurofibriUse, pi gmen t , mhochondna, tnd t^ 
Golgi apparatus, 

Msai bodlea Most nerve cdls, when stained with baaic dyes ouch as 
metfarlote blue or neutral red, oh^ m tbdr cytopktm rather Irregular 
oral or sub'cngukr particles which stand out coosplcaously of 

their affinity for these stains. They are termed Nml bodies (after the 


It riasoU b« notad tfabnoh tb* pnipbcisl pnx«M et a a a na ocy nafBcci ctO 
li /tmtimeSy dasdrtta. In tt* aaaiwnka! fcatarea it b atifarwiily hVntCral witb tba 
0O(Mlproce«af raDternefracelL ... _ 

la CTrtato bu n ubiat ta tema perra edh may reach diaiB«ar af half mCIkartra 

ao that cm ba deweted with tba Baked cj«. 
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nearologmwlwfimdacnTjed them m detail in 1894) ot chrxmwphilhodus 
Thoj fTTft tnd diitribirtioii thow some variation in different type® of nerve 
cell, and they are abamt altogether m the smalleit neuron®. 

In typical large nerve ctJl* (c.g the motor neurons of the tpmal cord) 
the Ni*al bodiea fill almost the whole cell (Fig 104 aJ They tend to be 
arranged concentrically around the nucleus and at the periphery of the 
cclltbcy ttreak out into the dendntic processes On the other hand they 
do not extend into the axonal process indeedt at the point where the latter 
leaves the ccH there 11 commonly a small tone of clear cytoplasm which is 
termed the axon hUhek. This contrast makes it possible sometimes to 



Fki. 103 MkropboCofrwphthiTimft group of motor oerraccQs hi the spinal cord, vtUDcd 
witti medtrkne htoe. Amng tbe Dcrrc g*Jt« arc ccen tb« mall cudd of seurogtia cclk. 

Mtgnificatkn X 90. 

distinguish axonal from dendntic processes in stained preparitiona. With 
different basic dyea the Nissl bodies m normal resting cells of any one 
particular type siiow a fiuriy constant picture, though their ippcannce 
vanes to a alight extent with the kmd of fixative used.’ They exhibit 
maiked changes, ho w ev er with varutions m the functronal activity of the 
cell and also as the result of uy ury This reaction ta of very g re at nnportance 
smee It provides the basis for a valuable anatomical tecimimie m tne etudy 
of fonctiotiil localization m the central nervous wtem, and also in tracing 
the cell ongm of groups of nerve fibres (ride m/ra p 373) 

If the axon of s nerve cell is cat, withm a few days tne Nissl bodies 
see m to break up into a diffuse fine granular deposit scattered throughout 
the cytoplasm. For a little time th^ persist at the periphery of the cell 
but eventually they disappear altogctiier This reaction is termed chroma 

It is usually accompanied by a general swelling of the 

^ ^ displacement of the nucleus to an excentne position. 

1 ne whole procew ts reversible, for if regeneration occurs, Niatl bodies 

“<*•>*•»»» of edk 
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■ppetr once more — first In the rmmeffigte Ticmitf of the ducIcuj tnd wb- 

•equcntly tprcsdnig throughout the cytoplum. Chronutolytic 

»Uo oc cur m extreme &tiguc of the nerve cell and u a rcwlt of tnTvr. 

mfluences.* 

The natue of NIul bodies !• uncertain. Mjcrochenucal tests tnd studies 
of the tbsorpOoii tpectnrm have shown that they coamt essentalfy of 
nudeoprotein with orgsnlcshy combtocd Iron * Together with tbar rcac 
tions to bask; dyes suggests the possibility that theu* cocopositioa 
a $muiiT to that of the nuclear chromatin. TTar they are a product of 
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Fto. 04 . Mkropbotorrvpfa •ttfwtof tb« of (A) Doaml xaotoe otm cell 

the tplm] cord, aod (B) ocfr* cell wticfa b* udfriQM cfarormeab^ two w«ti* Bfter 
h> sJconcJ praccM b«t bMo cut. Now tlwt Id tb« deyeoerare tb* NM anemic* 
dlMppesnd or brc o oc dayne d io 6o» perriri**, tad tb* aockui bw b*c 0 M 
diqjbeed to ta cTOsitiio potidGa. MtamfiacnoXToo. 


nuclear actmty U aho suggested by the obscrralxm that m the regeneratwo 
which follows chromattHyns Ntsal substance fiiat appous hi ue neigh 
bourhood of the nucleus. According to Eharson.* indeed, the mitem 
from which it is elaborated ta formed primarily round the nocleolus mstde 
the nodeus, migrates towards the j^phery of the nocleui, and then 
gradually through the nadev niembrane to form Nitil bodies In 
the cytoplasm. Recent studies by Hydenbsvescrvrf to emplusmc further 
the part which the nudeos pl^ in the daboratioo of KU substance.* 


la mtsio Wp** of mQ ths NM bodi** ooamllf form Mripfaen] rina a tbe msrita 
of dw exU, sMne • pictm* wlucfa tasr cimiilac* cbcecuMetTSH. 
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I, i&'p fop. Nofe *o tb* moiTbp fasT tb* sbrjcaaphfl material cf perr* rafle sod 
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Accwdittg to G«*h and Bodun the mimcditte cau*c of chromatolyus 11 
the breaking tip of the nudeoprotein content of the Nisal bodies by an 
>ntT»f:» 4 hibr eniytne.* The reauhing incteaac of osmotic preaaure m the 
cytoplasm kadi to nnbibitioa of water and tccounti for the rwelling of the 
cell body and the duplacemcnt to the periphery of the micktu. Recovery 
» accompanied by t re synthesis of the nudeoproteuu 
The question now arises whether the appearance of Nkal bodies m 
fixed and stained preparations represents the appearance of actual struc 
tores m the Irring cell, or whetl^ they are preaprtatjon artefacts. The 
Utter yiew his generally held for many years, but there has now 
tccomulited tome evidence tmt the ordinary lustological picture givei a 
faii^ accurate r^roduenon of real structures in the <yJl. 

If a fresh nerve cell U examined microscopically with dart ground 
DluminftKtQ the cytoplasm u seen to be filled with refiractile granules (as 
first demonstrated Iw Mott) * These granules are composed of a colloidal 
flmd suspended m t^ semi solid gdatmoui matrix of the otoplasm, and 
It has b^ sitfgested that, on the death of the cell, the o^loidal fimd b 
coagulated to form the Nbsl bodies More recently Svkmann has demon 
strrted what appear to be Nbsl bodies in fresh nerve edb which hax'e 
been photographed In ultra violet light’ Even m tha case, bowever it la 
open to arguToent whether the appearance b not the result of coagubtion 
m a ceQ which b necessanlv injured in the process of its zmcroseopjcal 
vTWi n a tion and its exposure to ultra viokt light Olmoualy h a hardly 
powibk to avoid an objecQon of thb kind, nnce a living oem cell must 
be removed from its normal «mroninent before it can be aubiccted to 
direct anatomical study However further indirect endence for the reaEty 
of Nbsl bodies has b^ obtained by atodying the effects on living nerve 
cefls of uhra-centnfugation. Beams and Kmg* found that when apiiul 
pnghon cdU are cencnfuged at 400,000 times the force of gravity the 
Nbsl bodies are dbpbced to the centnfu^ pole. The fact that, aa seen 
in stained aeetioaa, they ttill retain a discrete form after di^laccment 
certainly leads to the Inference that m the living cell they are defimte 
iiiaxaei at least comparable In tppetiance to those teen in histologicxl 
preparations. 

Whatever mterprctation of the Niaal bodies may bo acc ept e d , the fact 
remains that in ty^cal ceJb which are nornul they are always to be found 
With appropriate hatological t r e atm ent. Alteratians m their usual pattern 
can tberefore be taken to indteste extreme functional disturbance or a 
defimte pathologicel condition. It may be taaumed, from thetr chemical 
oonstitntKm and ftom the changes they show in relation to functional 
tetmty that they are in some way conceroed with the nutrition of the 
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ccQ cod hs procesaet. Probably they aerve m pert for the atonge of 

orymai* 

NeoroflbrQlae In aectiotM of netroca tame treated by meti»da of 
adrer nnpre^tuttion the cytoplatm of nerve ryUy and their p roce a ae t abowi 
a verv drante fibrillary stnwture. Ertrtmely fine fibiQa can be •ten cio»- 
Ing tnroQ^ the b<Kiy and atreanun^ into }ti axon and dendritei, and 
the axon itaetf appean to conmt of a bwdle of inch fibrila embedded fa 
a atriKtuielcaa matrix. They are diadnctive characters of aerre f»n*, and 
there b aome evidence that they become diffcre&tiated embryologuallj in 
relation to the onset of functional activity (u auggeated by Covrdry* m the 
developmg chick) 


Fto. HkroptiDtagnph Of oiotoc oem call frm dia aptiul cortl, i^wina (ba nmre- 
SbnDar ftrocton of tba c7trn>lnL Stafated vMi tilTtr nhn^ {BMfiaD~ mufaod) 
Mafntfiaatiaaxjoa. 

As With the Nml bodies, hw ev e r ft hsa been a mart*^ of mnrh discu** 
turn whether the neumfibnlke seen in histological preparanoos have any 
counterpart m living oerre cells, or wbetber they are entirdv prodocti trf 
coagubtion to be seen only m damaged and fixed tbsoes. In this case, tho, 
it seems ihnost impossible to arrive at a final proof of their daring 

nfe, since any msiupulstion which u necessarily required for die emnins* 
Uon of hrmg n er ve celb may uqore the latter nm so vitiste a potidTe 
conclusion. 

S e vtial hiatoiogiats cfsim to have obserred neurafibrlllse in fresh 
neonms. De Rtnyi,* for example, has described them in the large nerve 
fibres of Crustsces- By methods of micnvdiiscctioo, be dcmoostiated that, 
in the lobster a neurofibrillar s tructu re is dearly visible in practictlly 
all nerve fibres with a diameter of more than so /i. The fibrils run a 
wavT course in close^ packed bundles, but, if subjected to pressure, they 
itrnghten out and float apart. They appear tiwrefore, to be aepante 

£. V Cowdir *Tba dentofacDt cf tba (.jUiukiutk cmdcoenl* of Am n»Tw% 
ef lim ebm*. , Aimtr Amat, IB a 4. Set^ • a# pspm br W F WtaC* 
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fikmcnt* with no tnajtomojing mterconoexion*. Their bchtviour when 
pulled apirt with & needle further auggerts that they are not merely Imear 
iwi of doacly approxunated granules, but ‘true thread like atructurcs of 
a highly Tucooa nature emh^ded m a aenu fluid matrix (aiopliam) 
Thcae coochaions, however have been cntiazed on the groundi mat the 
nerve fibres which were examined had necessarily been exposed to condi 
nom which resulted In a cotgulabon of the xxopusm 
In his studies of the fresh uninjured nerve fibres of ccphalopods Young* 
was unable to find definite neurotofiDae. On the other hand, neatates that 
there are frint visible atnations in the axon which he auggesta are due to 
the presence of lonmtudmally onentaled micellae, and wni^ by coagola 
bon, probably produce the more definite fibnla which can be seen quite 
eai2y in damaged neurons. Recent studies of nerve fibres m the aquid by 
the elec tro n microscope also Indicate that the fibnla are made op of oblong 
partides of axoplasm arran^ m a linear aggregation.* Of very comider 
able ttterest in tins connexion is the observation of Wdsa and Wang* that 
neurofibrillae exist as discrete ccatiouaua filaments in Imng nerve cells 
which have been cultivated vt vttro Here the errorism that they are 
coagulation products can hardly be raised though it is of course open 
to argument whether Imng cejfs m Qsaae cnltures reproduce accu r a te ly 
the appearance of Irving cdb m the body or whether the fibrillae seen m 
bring edia are really identical with th^ which arc displayed by silver 
hsmegttSQoQ. 

suggestioa was at one tune made that neurofibrillae are the ultimate 
condoctmg units of the neuron, and, m view of this theory it waa of some 
unportsQce to establish their reality as atructiiralJy cont^ous filamenta. 
It n now recog ni sed, bowerer that the pass age of a nerve impulse along a 
nerve fibre u a surf^ phenotnenoo, involving the propagatum of a wave 
of dqxknratioo tloag the turfroo of the arom Hence the controversy on 
ttcuiofibriHte widim axon assumes less significance from the functional 
pomt of view If as seema probable, neurofibrillae are nothing more than 
an expression of the longitudinal orieotabon of nucellte in an otherwise 
homc^eneous substance, their definition msy be expected to vary m relation 
to any factor which altera temporarily or pennanemly the physical con 
•tttaicy of the axoplasm. Tlas no doubt accounts for the vaned mt ei ' pr e ta 
tions which have been placed on their appearance by different anatoouats 
usmg different techniques. 

Even if the existence of neurofibriUse as morphological entities m the 
hving cell is open to ^esturn, it remains true that mar appearance m 
nuture nerve cclia which have been treated by silver impregnation is a 
chsractcnstic and normal feature. Subsequent references in this chapter 
to neurofibnllso or neurofibnUar differentiation are to 1» accepted with 
tins implksUan m mind. 
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Pigment. Granule* of yellow pigment In tlie fonn of lipochromc are 
commonly found in the larger nerve often formmff a drcmnacribed 
dump in cloae relation with the noclcua. The het 3i*t thh jugmiHTt 
increuea with adnocmg age la taken to indicate that it is a by product of 
ceHtilar activity rather thti *n ekiMit of nutritional importance. 

In certain c^ m the mid brain ^larticulariy in the sobstanna mgra) a 
nv^nin pigment is p r e sen t Melanm is also found scattered in ■nriy ri»lh 
of spinal and sympathertic ganglta. The significance of this pigment is not 
known. It first appears a few yeaia kfter birth and retches its msmoil 
development at puberty There is evidence to show that chemically it n 
not identical whn the Tn<4»TYin pigment of the >Hn. 

Other constltnentB of nerve cells Among the other contents of 
nerve celts may be mentioned mitochondna, the Golgi apparatus, and the 
occttiODsl occ ur reDce of colloid globules. The mitocfaondm are timiiar to 
those of the cells of other tissua.* Thear disposition in the cytoplstm 
corresponds dosely with tfast of the Nissl bodlw, and they msfotain tha 
arrangement even when the Hlsal bodlea disappear m chramatolym. In 
inflammatory and toxic condidoos they undergo rapid changes and may 
even diaappear altogether It may be assumed that they play a part in 
synthetic pro cc M es b the nerve cell sneh as those mvolved m the formanon 
of pigment sod the final elaboratioo of Klnl substance. The Golgi 
appaiarus of nerve cells forma an intncate oetwork Ln the cytoplasn, nsuall^ 
in dose rdadon to the nucleus (see Fie a), like the >rtal bodies it 
becomes fragmented and dispersed when t» axon ts cut, and its ippearmee 
mav therefore b« ti^en to mdiaite whether the nerve cell is in a nocma] 
•nn healthy oondldon.* 

The pr es ence of mdustcaa of s colloid msternl in certain nerve cells hu 
ssromed some ImportaDce recently since H forms the basis of the con- 
ception that these cells, betides tbetrourely oeurai ftzncdooi, are capable 
of tn endocrine secretory sctirity Tnia process hn been te r med awro- 
cttmU and has been described ss occurring m certam group* of ceQa In the 
hypothslsmQs (a reaion at the base of the bram where the pitnitary gland 
Is attached). Indeed, the colloid content of these cells is so conspicaous 
m certain verteb rates that tbe tenn Zwhcfaenhlmdrilse (diencephaUc 
gland) has been used to describe them. Beyond the observation that 
this accumulatioD of coUmd is independent of the pituitary gland, and 
shows seasonal variations in lower vertebratea, nothing Is kne^ of Its 
real tjgnlfictnce.^ 

As we ■h*ll see, the integrity of tbe ccH body of a neuron b essuatol 
for the of the vitality of its processes. It docs not, how e v er 

play an essential port in the transmlssioa of a nervous Impulse froco one 
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Muron to KJOtbcr Thu fact, tvludi vtai fit« dcmonatrated by Bethe in 
1897 ha» been confirmed by Young by tn mgcnioua tmcnmait to a 
nerve gtagUon in the aroid,! He was able to aever the ceil bodiea from 
tbfixr procetse* without Interrupting the lynjptic junctson between these 
procewc* *nd other neurontv Stimulation of the U tter ahoweil that 
»yn»ptic tnimtusatcin ocmJd itfll take pUce, and it was inferred that 
aynaptic exatation of one nerre fibre by another does not depend on the 
presence of the nucleut, Golgi bodies, NissI substance, or any other 
substances present m the nerve cell boif 


2 NERVE FIBRES 

The etiortitl dement of a nerve fibre is the axonal process of a nerve 
As we have noted, it consists of a substance of semi fluid conaistcncy 



Fn. 106. Dkcoeto iQtwmma Khemmamjr tbe C9*a>aal uxoctuts of « rardunsitii bstvo 
fibn. The cut crikuier at (ax.) a anciosed ts a tnedansTy sheoh (i/et) and this 
asm a aufraackded try fine ibecfa of netmknnas (N? ) Tba otninM al a Sdmaa caS 
kano beaeash the oeunkssma iti e y ti a p kam k not depteted. Tha medulkiy ihealh k 
mter r ap ted ct tneerr^ trjr tbe oodea 04 Ra&rW iNd.\ 


the axoplasm, with a fibnSaiy ainicture which may be conaidcrihly 
enhanc^ un<l^ tbe influence of fucativea. There u some reason to suppose 
that the axoplasm is normally maintamed under a slight positive pressure 
which IS controlled from tbe cell body of tbe nruron. If a fresh nerve fibre 
u cut, the iiopUtro actually flows out from the stump and the diameter 
of the proxunal part of tbe axon rapidly ahnnka followmg the release of 
pressure. It has also been observed diat if a Uvmg nerve ts conatneted 
locally the axons above the le^r^j of the ojnstnction become slightly 
gwoUm at thoueh the axoplasm is dammed back. In a penpbcral nerve 
tbe fibres are each encloicd in an extremely delicate sheath, the nfxnUwma 
or sfuaik Stktoam beneath whuii u a cham of elected cells the 
StAmaa ceils Ipig m dose contact with tbe aton. Most of tbe axons are 
also unmedutciy •urreonded by a sheath of fatty tissue, the mednOMry 
theaih (Tig 106), Finally outtode these coverings each nerve fibre u 
encased by a delicate abeath of fine connecti v e tiisue, the endtmeanaf tube * 
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Neuilemina This fioe, membntnou* ibeatfa u probably derived from ' 
the connectiTe tjaroe m which the mdmdual nerre fibres are 
It srrmi to serve the purpose of balding m place the nndcrlyiiig Schwinn 
cells and the medulli^ sheath. 

Sefawann cells All penpheral nerves are in ves te d with f-i-TTi 
whose thmned-out cytoplum closely envelops the ■ i rm, or its medullaiy 
sheath if this is piresent. Whether this cytoplasmic investmect is i-nrr^pliMT* , 
or whether (as some think) h forms only an intermpted or fenestrated 
sheath is still uncertain, "rte flattened ^Jfmgiti-d nuclei of the I'^Tk can bo 
seen at furiy regular intervals tktng the course of each nerve fibre. While 
Schwinn ctdli are constantly found along penpheral nerve fibres, they 
are entirely absent within the central nervous system. The prtctkal 
significance of this lies m the fact that they play an important part m the 
regeoeratiOQ of nerve fibres — hence this process does not occur m the 
bi^ and spmal cord. 

Medullary or myelin ftbeath. This a s awnp l^ nbatance composed 
of a lipoid material <^ed styslm, with a protein admixture. It a relatively 
thick m somatic motor fibres and in most somadc sensory fibres (Fi^ ioSa^ 
In certain senabry and autonomic fibres It is much finer while some 
penpheral nerve fibres (partocokily the post-ganglionlc fibrea of the 
sympathetic system) are apparently unmyeCnatetC It has been shown that 
even m hmmydinated fibres the axons are also covered by a film of lipoid 
substance, bixt It is too fine and its actosl li poi d ce m te n t too meagre to be 
detected by ordhtaiy histological methoda. While it thus app e ar s tfatt the 
contrast tantally made b et w een myetioated and u nm y e linated fibiet is 
arbitrary h is never th eless s mstter of cocveiuence to retam these terms 
for ordmaiy hotological desenptum. The thickness of the myelin sh eath 
bears t rel^on to the diameter of the axnn, for the coarser the latter the 
thicker the sheath. Bat this relatknship is not constant, and m different 
vertebrates the thickness of the axon and the medullary sheath may vaiT 
independently The structure and compoaiticin of the medullaiy sheatn 
also show variattoos, particularly in the proportions of the b}^d and 
prn ti4n * The medullary sheath is not contmuous, for It o 

completely int er rupted at fairly regular intervals of sboot half a millimetre. 
These mtcrruptiocs arc called the i*odIeve/’J?fl»wr and here the nerve fibre 
tbows c on s tr ictions, the neurfiemiDs dippmg in to come into contact with 
the aioo (Fig lo^ 

Within the cen tra l nervoni system s large proportioc of nerve fibre* 
are ilso myelinated, tboogh IfHng here typkal nodes of Ranvler They 
usually run in well-defined tracts, and they make op the *wfaite natter* of 
the brain and spinal cord. The grey on the other hand, is pre- 

dominantly composed of nerve and non-myehnated fibrea. At their 

termlnatian whem they are about to break up Into motor Of sensoty endings 

«r« (ooDd la Cm cfXic ocTT« sod ia tbi pradmal Crw inQCmiirM 
of Um MfStoCT oarrs. Bat tfa* •pde mrrv b rafij betia tna wfakh hM beam drmwa 

oat* £twn tb* cenbm, wfalla tb* praxfaaal pm at tfa« eodbocr Bam b biawba an 
fTtrodad part of iba htnd-bcata. 
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or mto lyioptic trbonaaUicai*, *D raedulkted fibret lo*c their visible mydh? 
ibacth> 

The «gmfic»Dce of the medtillary sheath has not yet been completely 
defineA Apart from the mfercnoo that it sexrca mstiktrag fimctjons, it 
appesn that a surface membrane of lipoid cuteml is msotnevs^ essential 
for the propagation of the ionic changes underlying the pssss« of a nervous 
impulse, ft certainly has some relation to the rate at whim the impulse 
travds, for it has bem observed that this is more rapid in the more com^ely 
TT>rdnilftT <^ fibres. It is probable that this relstionshtp is actually dependent 
on differences m the structural composition of the medullary sheath, for jt 
IS known that this slto varies with iu thickness. 

Endonenriftl tubes The fflirta of a pcnobcral nerve arc imbedded m 
t taatnx of conncctivo tissue whidi provides lor them a supportmg frame 
vrork. Bsfb fibre is thus enclosed m its own endoncunal tuoc of connecuve 
tissue. As win be seen these tubes play an important (though passive) part 
in the regencrstion of a nerve, for they maintain the original pattern m the 
nerve ifw tl« actual nctvc filires have disappeared ana provide pathways 
along which newly growing nerve fibres may dc guided to their appropriate 
deatmadons. 

If a nerve fibre is traced to a perspheral ganglion such as a spinal ganglion, 
U is Inter es tin g to note that its sheaths are continued round the celllK>dy 
of the neuron. Thus etch tptoil ganglion cell (In common with other types 
of ceB} IS covered with t lipoid surface film of molecular dixnenticms which 
evidently c o rrea p onda to tnc medoUary sheath. Outside this u on mcom 
pkte layer of mUs (sometimes called sateUrtc cells ) identical with the 
Schwann cells of a peripheral nerve fibre. Lastly each ganglion cell is 
cedoaed m a ddicatc apsulc of connective tissue which is contmuoua with 
the endoncunal tube of the penpheral fibre, 

Degeneratioa and regeneration If a nerve fibre u mtermpted by 
tifiury or disease, the distal part which is thereby cat off from the cell body 
of the neuron rapidly degenerate*. "Witbin a few houra the axon become* 
irregular and rancose m appeantacc It then ^idiy undergoes fragmeota 
tion and u ultimately absorbed altogether Tnc mydm ahesth alto dis- 
mtegrates this process begun during the first few days following the lesion 
and m two or three wedu the sheath hts ev erywh ere broken do^ to form 
fstty droplets sca t t er ed along the coarse of the degenerating fibre. The 
renwval of the dibns of the aiu cylinder and myeha sheath is effected 
rtaunly by the sctivity of macnaphage cells which are evidently denved 
&om the sunroundtt:^ connective tisaue. At the height of the degenerative 
process, the endoncunal tubes of the penpheral part of the cut nerve are 
seen to be filled with great numbers of these macrophages performing tbetr 
acavengtng function*. Meanwhile, the Schwann cells show a remaikable 
pTohfexauve activity forming masses of slender protoplasmic strands 
which extend m parallel formation along the course of the degenerated 

po^of^Mivc WimthodMorptionoftbcmmuiarftlKMj, 
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termed Scinncm bcndt, or the 'binds of Bilngner' ind if regencrition a 
dekyed they nay permt undanged for a long tnru^ occnprmg the other 
\rtK empty endooeiiriil tubet In the p m -nn ^ l mi rrm n of t cot aerve t 
slmilir procoii of deg eneii tion amj eiMnd np for i short distince (lalf 
in inch or so), pr e m nably u the load rewlt of the dtmage to the nerre. 
In the central nervous syitrm, degenenUkm of nerve fibres cot off fr o m 
thdr cell origm foUowt i much slower coarse. In the abeenco of Scfavrann 
cells, also the formation of nands of Bfingner’ does not occur 
there Is a proliforation of neuroglial cells (ghous) along the trick of the 
degenerating fibres. 

In tbe first stages of regeneration of a cut nerve, the cylmders m the 
proxunxl stump send out Ifregultr swoUcn proc esses which may branch m 




Fn )e7 i*> n|i »..n i.iy {BT^huted fihrt* &vn tbe donsl rtct « ifiael tmm r? dc;* 
after It been cnt *nte ai7«UD la tbe It r ser fibm hse h e cecae 

foto Iti 'e sii ler droplets. Two fine medollsted sn abova *t£Q fan** . 

(From J 2. Youds eod &. Zodccimaci.) 

qmte a compbcated manner These sprouts give a simerfidal fan prea skm 
m histological prepaiatkms of explonng' their way boms go ts&ay Into 
the surrounding tusnes where tney may eventually beco^ ibscohed 
others penetrate the scar tissue at the stis of the injury and so find thor way 
the degenerated peripheral stump of tbe cut nerve. The successfiil 
fibres raplmy extend doi^ m parallel bundles along the comae of tbe 
degenerated nerve, and many of them erentusfiy complete the forms tvm 
of motor snd aensory endings, with a corr e spODding resmratkm of fcmction. 
Under favourable condidona, the regenerating axons appear m the pen 
pheral stump after a latent period <a about a week, and then proceed to 
gr ow down within the original endoceunal tnbes at tbe rate (In man) of 
1-2 trim- a dxy but the rate tends to fall off pr o g re ssi vely as tbe pr o ce ss of 
regeneratian approaches compledoa.* 

In the regenoatioa of pcr^bcral nerve fibres, the strands of probfersted 
Schwann pbty a most imp ort a nt part. Not only do they aore to fill 
the old eodoneunal tubes of tl» degennted nerre and thus pres e r v e their 
p^ fiHVT y until the regeoerxtmg nerve fibres reach them again they also 
provide smooth surfii^ to winch tbe growing axons ding and sioog wbkh 

H. J P B. bUdawvr and H. Scohb, lUt* of iifimiirtap of p wfpbml 
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they ^bdfi n they push their way toward* the periphery In other word* 
the SchtWLtm band* premde the buu for ■ kind of gtereotropum by f(wming 
a tottdutnically easy pathway which guides the a rons dunng; die iproceas of 
their regeneration. ^ Schwann cells Ikahtate rapid regenerstioa m yet 
TfnQfW xnv for they actually redgrate out from both stumps of a cut nerve 
with istomshiog rapidity These outgrowths may unite to form a con 
nectmg bndge and thus serve to conduct the growing aiona from the 
centni'staiap to the penphertl part of the nerve with the r tu ni mig n delay 
The suggesuon has b^ made (and was indeed generally accepted for 
many ycarsl that the Sdiwann elaborate a spe^c neurotropic tub- 
stance whicn, by a chemotactic process attracts growing nerve fibre* from 
a distance. This hypothesis was stroogly supjxirted by expenments on 
rabbhs earned out m the Biological Institute of Madnd m which pomona 
of degeaenrting nerve, or pieces of pith soaked m citn« of Schwinn 
tissue, were grafted in the bram. In these erpenment* newly growing 
nerve fibres were reported to sprout out m an astonishing way towards the 
grafts, althauj^ un<^ normal ccndioons *^"*•*•1 regeneration never occurs 
m the braro. H o w e v er similar expe nm ents earned out with careful 
control* hive more recently shown that the carher conclusions were biscd 
on a rnidnterpretation of the histologtcal picture It seems certain, m fact, 
that die mtnnsic neurons of the central nervous system m mature mammal* 
are incapable of regeneration, even when they are presented with the 
fadliUe* available to regenerating penpberal nerve fibres.^ One of the most 
convmcuig demonttnooni thit the S^wmn cdls do not exert a cfaeimcal 
attraetkm to g ro wing nerve fibres has been given by Wois and Taylor In 
an ingenious e xpei tm ent, these investigators introduced the central atump 
of 1 cot nerve into an artery winch had been cxclied at the poont where it 
dmde* into two eeniai branches. The regenerating nerve fibres thus had 
the choice, vdicn tney reached the bifurcation, of traveUmg down cmc or 
other of the branches. Into one of the branches was placed a portum of 
proliferated Schwann tissue obtained from another degeneratmg nerve In 

r softhlsTsait’ however the manbcrofgrowingaioas which penetrated 
two branches was ^proximitely eousL* 

Regenerating nerve tore* foDowtag intcrrup&on of a pcnphcril nerve 
have many Imard* to ov erc om e before they can cstabhah amr original 
terminal connexions. Indeed oonudenng these haiards it u peth^i* 
itmarksbte thsi the rwtorstioo of frmedon m nerve injuries is as good as 
It often IS, If dense scar tiatue is formed *t the arte of the mjury (as 
commo^ occurs m an infected and septic wound) the outgrowmg axons 
from the centrsi stump msy be mate unible to penetrate it in order to 
reach toe penphenl stump In suii a case the surgeon will find it necessary 
^ ^ freshffl the cut ends of the nerve, and approximate 

toemlwsutore. In iEi|une* which involve the destruction of a considerable 

part of a nerve the rctuiung gap between the central and peripheral 

pcobfaio of nrooosl r»tenimrioo ta tbp cpdJml 

to ow 

m oerw nrncasfetsL ymim. Exp Z*tL »» 1^44. 
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rtump* nay be too grett to be crossed fuccessfolly by the regenertting 
nerve fibres. Tha process can be fkcilittted, bowever by interpo sing a 
gnift-of some kind to bndge the gap and thus provide a guide to the grow 
Ing fibres. Erpcnmcntal evidence has shown beyond doubt that the most 
frvounbfe type of gotft is a strip of nerve taken some other part of the 

body (e.g a cutaneous nerve whose loss would be of httle importance) 
Suen a graft, when placed m potmon, undergoes the usual dcgeneribon 
m a penpbcral nerve, and its proliferated Schwann tmuc ts then able 
to conduct the regener at ing aions into the pcnpberal stump It will be 
understood f hf^ even under the most favourable conditions, many of the 
mitprfvn ^ ng aaons from the central stump of a cut nerve are likely to miss 
tfaar w ay * and fail to reach the penpbtral stump Compensation for this 



kmd of wastage is provided by the fset that each axon In the central stump 
sends out lai^ numbers of separate sprouts This prodigality usually 
ensures the ren-innervatum of the pcnphcrtl stump and indeed, the Ivtti^r 
mw receive many more fibres than it previously contained. Thua, a tingle 
cndonecnal tube (wtudi normaHj rrmf m« a smgk axon) may be found to 
< ^tsm a bunch of as many as fif^ growing &rea. "When one of 
fibres reaches its destination and effects a fimcUonal contact with an end 
organ, the remainder tmdergo absorption and disappear Even if the 
P®^heril stump is adequately re-innervated, the functional end result of 
regeneration is suil governed by a number of other fa^rs. In the first 
place, fibres may fail to reach mar appropriate destmauona. The endo- 
neunslmbes appear to pUy a most important part m guiding the growing 
nerve &res to tbar uhiinite objective, but in a mixed nerve (for mamplej 
motor fibres may find themselves m endoncurul tubes which onemally 
contained sensory fibres and to are conducted to akm in«tg«H of to muidc 
tt a resmt they never establish firpctiopal end connexions. Again, a scosorv 
tore which previously conducted impuisea related to painful sensaUon mav 

enter the wrong cndoneunal tube and be led to a tactfle end organ so that 


THE TISSUES OF THE NERVOUS SYSTEM 
there XX a confimon of toaiblHty in the affected area of the Soch a 
mix-np h iitentable to a greater or Icaaer degree m the nf TT y»fw»T «- 

tion Which followa complete i ntenupti oo of a nerre, tod fanctiooil 
recOTcry it conespondingTy imperfect If a oerre ii timplr enuhed, henr 
ever to that while the txoot are cffectivtl^ dei tr oye d at the tite of nytuy 
the pattern of the efidoocunal tuba u m contmmty regenert 

tion occuii much more rapidly and ftmctional r e ccivay it Hkcly to be modb 
more perfect If regene r ation it unduly delayed^ fibra may not be tuccett- 
fol in atabl whang their ultinutte funWiooal gormgTKgn eren if they do 
reach thdr appropriate end orgaot, owing to the ffbroau which it to 
occur m long denervated ttmetmea. In a panlyaed mutcle, for example, 
the fibrout connective titaue in wldch the miwde hbra are embedded 
piogreuivdy incre ata m quantity and density The regenerating motor 
nerre ffhra then tend to become lost In a dense jungle of coUagenoot fibres, 
and many of them will fall to rach the motor end pitta of the motcie 
fibres,* 


3 mURAL MECHANISMS AND NEURAL PATTERNS 


WhQe the anatomical imit of the nervota tystxm b the nerre cell and 
Its procea t a, the femetuoal unit u the reflex mrenh. Tlie elonentaiy baab 
of a reflex action may be most conveniently indiated by refenna to a 
teettoo through a segment of the spinal cord, a shown m the actonpanTisg 
diagram (Fig tio) 

A refia arc conaitts of the fbOowieg elements (i) a rtaftar winch 
responds to a ttimuhn of some kind, repraented, for qxample, 1^ a sensory 
nerve ending in tiw skin (i) an ^trtni cxmdttdor or senioiT nerve fibre 
which enten the spinal cord by way of the dorsal root, and coma into 
synaptic rebrion with (3) an emdador or motor neuron, whose 

cell body is situated in me ventral bom of grey matter in the spmtl cord, 
and {4) an Rector lepresented, for mitancf-, by a musde ^re. In a 
■implifled system of this kind, a relevant stimulas applied to the receptor 
gnrt nse to a oerm xmptibe winch erentually leads to a amCracdoo of the 
mnsde fibre. This is spoken of as a reflex r ap onse. The ics p oc se is 
automatic and rclatircly mvanablc, being predetermined by the nature of the 
stimulus and conditioned by a set puttau of neurons In the nervous system. 

It win be readily undeistmd thtt such a sunple syste m may be elabmted 
to provide the anatocmcil batb of more eomplkated actrrhia. Two or 
more afferent nenrotts may terminate m relation to a tingle motor neuron 
In thb it IS possible for the application of stiimill of different raodihtia 
to to on impulse which b coovTyed to the effector by a final comm on 
patb and subliminal stimoU. wbkb by themsdra are too weak to be 
effective can by remfordng each other produce a definite response. Again, 


A rmt of tuia i sm mesreh <Itirtnc tb* w Hm been <linctrd townd* the Mwtr 
of perr* rrfowmkw mmI th« fwofi wfcfch friour « m«nl fu netto m d roeorw Ap«t 
frao tt* eoairrwlientiT* rrrkw oa tb* funetfcmd rt pdx of i»«»cc* Omo* I7 J X. 

tb« war T«rt w Bridih wvd A««ti«a Jcwrml* br J Z. TwjBf, T tSrwi, O 
Wed<l«Il,F K,8c»dm.'V Ilofaiw* E. OaoB^n, «nd otbm. 
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the contnction of a musck (the effector) may initiate a aecond reflex action 
by the atimulation of tenaory (propnoccpttve) nerve eudmgs m the muscle 
Itself, and th Mf form the basu of a aiatn rtfiex in vfhich one reaction pitmdet 
the stimulus for another reaction m a \^Ie sequence of motot activities. 
The afferent neuron may not be confined to one segment of the spinal cord, 
but may divide ^ntn ascending and descending processes vrhutii connect 
■with motor neurons m adjacent segments, providing an anatomical basis 
for mtersegmental responses, 

A further complication of great theoretical importance is the inter 
position of an additional neuron in the reflex circint between the afferent 



Fiatia Ditfnmtbo^inf tbacuentkl«taQent«cf»re£cxixa R.Bcc«ptor npr wn tcd 
t’T • £rv« ncTTv coding ta tSe riba. Aff-C Aflerest cacdoctoc. Eff C EStnnt tocxdoctor 
E. EScctor rtprcMDtcd by emped mosek fibre. lA Imcrcckted oeuroci. 

and efferent conductors. Such an element is called an mUrcalaUd neurotu 
The significance of the mtercilated neuron lies m the fact that it mtroduces- 
an element of uncertarntr into the tfpo of response evoked by a given 
itimului, so that it is no longer definit^ predictable. The nature of the 
response ts rendered susceptible to modification since, through tbtf tddi 
tional element, the effects of other stimnh to which the organism may be 
simultaneously exposed are more readily brou^ to bear on the reflex 
circmL Further a sin^c mtcrcalated neuron may rrmVe gynaptic cnnt^i-t* 
vrhh a number of different motor nearons, thus to a ww dispersal 

of the tmpulsei which it receives or it may have the effect of focusing or 
ajnrxntrating a numb er of afferent nnpulie* on a smglc motor neuron, 
leading to an inte nsifi amon of the response A reference to the accompany 
mg damm (Fig i n) will serve to uhistrate some of these pomta, 

^ ^ diagr^ fli a* md a* represent afferent conductors which 
twtn^tc in_rclation to two Imcrealated neurons, O tad i» The effects 
of a stimului conveyed by c» can be transmitted to other or resulting 
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in contrtctioiis of ehlier mntciei n* or tnd wi* Soppote, mnr tint 
coinddcntiliy with a mhlimtfvl Btcnrolo* arriring bp wvp of a* another 
fublcotoal stlmnlQB (derivtd perfaapa £rem an impnlae of quite a different 


the tmnuhu frocn a* In a cate tuch as this, the irutkl stimulas now 
leads to a contnction of ai* This phesKancnon whereby a neoron Is, so to 
speak, se asklie d by a stimnlcs from one source so that it can now be «:ti' 
rated by a subUmnml atunulos from another source is termed /aahtapoa. 



Another example of thb ts tUustrsted m the diagram by the intercalated 
neuron, The axon of this neuron gires off a coUiteitl which m a kes a 
synaptic contact with the cell body of /• and the axonal process of the latter 
r et of os to the cell body of »* Tmis a dosed drarit la formed which, once 
started into activity may lead to a contiiroous re-emtscon of by sob- 
IWnbYal sdnraQ, so that it will be immediatelT activated by other impulaes 
arriring by a* In this way tt will be seen that the effects of past stimnli 
win pamy determine the r espo ns e to succeeding stimoli, and It Is possible 
in tuch a mecbamsm to eorba^ the rodlmcniaiy basis of habit tnd 
memory These dosed drcmts, rt also be not^, by converting the 
effects of a smgle impulse into a pioWgcd bombardment, provide the 
anatomical for the sustained nervous actlTity (u recorded dectncally) 
which b sometimes foond to foUow the sppCcadoD of s shigle sdmoha. 
Lastly the same mechanism may be responsible for the condnuotta and 
peabtcpt t tstf of ac tivity which b manifested in the rhythmic chanm 
of dearie potentbl in nemal mechanisms such ts the visual area of the 
cerebral cortex (Berger rhythm). 
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It ftemi probtbic, f rom phytlolopcal tint the phenomenon of 

fadlrtition pl*y» in coental part m ill normal dcttoui actintica. But 
immedntelf afer e xau tion 0 neuron goei mto * refnetorv itite that i» 
to lay I of fubnormal ezcrtibniTi •nd while in thii condition it 
<t^ v* to mpond to a itimulo*. Hercm miy perhipi be found in expUna 
tion of the tfOabtiiott of nerroui activity wmch u a common phenomenon 
in the fonctiona of the central nervota gystem. Inhibition la the opposite 
of excitation, and probably reaoJta from the temporary absence of the 
fiidHtatioa which norroalfy a a pro reqmaite for eliciting a response to a 
tingle atimnhii. If thia is the case, the phenomenon of inhibition, like that 
of facilititlon, ultimately depends on the correct timiog of the tropulaea 
whkh amre at a aynapae. 

In neural mechamems of the aort described lies the morphological basis 
of wnaory cfjmkOicii cetOm of the central nervous ayatem, where i nco mui g 
impulses are corrdited and mtegnted m auch a maimer as to call forth an 
adaptive response. Thia responae wil! bo the resultant of all the afferent 
atunoh to which ^e ornmim may be exposed at any one mament, and will 
also be tnftuenced by ^ effecti of paat experience which leaves its traces 
in the actmty of abort-orcmting intcrealated neurtma. In other wordi 
coael^oa centres pemut the interaction of nmnerous afferent onpulaei of 
drverae types, and so enable the organlam to respond to pattaw of exa t a 
non rathtf thin to the effects of lodindoal atimuh 


On the effector side it will be noted that in the diagram the mtercilaled 
oeuroQ, t* eatablithes synaptic cotmodona with two efferent neurons 
which control the action ^ amrate muadea, nfi and If these muades 
a« tmagomatk, or concern eo with mcompaffble t y pes of motrar reacticm, 
the impulae cm only be eff e ctive along one path or the other and the 
route which it fallows will be determined by the effects of past reactiona 
as wen as by other tmpulaca to the influence of which neurons e* and 
may be emoaed at the time of excrtttion. If muades s»* and »’ represent 

r tpe efementa whidi play a part m effecting one composite movement, 
intercalated neuron 1* wul serve to bring toem Into sunultaneoas and 
ccK^rdmitcd contricdon. Thii type of mechanism forma the bttu of 
c 9 -<r£jiaiiat c tMir ts m the central nervous ayatem, through which all the 
mdmdual muades which are involved m any movemcat are controlled 
and co-ordinated so ta to effect an integrated and harmonious combinatiotL 
Ccmebtion and ccKirdi nation c eot res m the brain reach an ettreme 
^^plcmty of structure. Hiatologically they conaiat of multrtudca of nerve 
ceDa, embedded in a rich matnx of mleiladng fibres which form what la 
termed (Fig 116) The latter » mamly composed of the dendntic 
p roceasea of the intercalated neurons. It may be tunmsed 
whm aftrent unpulaea are first conveyed to centret of tfaii kind, they will 
^ dapened throughout the neuropil in all dtrecnona, leading to 
t geticralized motor resetma. That thia la mdeed the 

n»beea aho^ by CoghUTa studies on the devclopmmt of bchavionraJ 
m tIw first reapomea to external attmuh shown 

oy mis larral amphibtan are total reactions, in which the and itmk* 
O Oxford Unir Prm, 
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In contnicrioiu of other mufclo «» or n* and Suppotc, now that 
coind den tally with n subHmhul atimuluj a/ r i r l ng by wiy of another 
•ubliramil t^olua (denred perh apa from an impilie of quite a Hif Fe r rnt 
category) vrlre* by or* The latter may lead to a fumnmioQ eflect by 
^raking the exertatory ttite of i' auffioently to allow h to be fired off* by 
the amnulus from In a case cuch u this, the uutkl stimulns now 
leads to a contraction of m* Thu phenomenon whereby a nenron k, *o to 
•peak, sensltlxed by a stimulus from one source so that it can now be kO' 
rated by a subliminal stimulus from another sonree k termed fedUtaikn. 



Flo. til pMfTim ITbt»»rmt^ tt» ctMtgaial bad* ct egWfa ofint u-MTtMrlBP*. 

(For iTrlpUiMi, tm too.) 

Another oou^le of thk Is IDostrated In the d i a gram by the Intercalated 
nearon, t* Tm axon of this neuron gires off a coUsteial which makes a 
synsptiococtact with the ceD body off* and the axonal procen of the Utter 
ret ur ns to the cell body of i‘ Thus a closed efremt U ronned winch, ooce 
started into aednty lead to a contiiraous re~eacitation of t* by sob* 
Itmtnal stimult, *0 that it wCU be immediately ae d r atrid by other impukes 
srnTing by o* In tbk way it wQ! be seen that the cffecta of post stimiiU 
win pa^y determine the res p onse to sncceetfing stimuli, and it u possible 
in such a to emiss^ the mdnnmtaiy basis of haoit and 

memoty These dosed circuits, n also be not^ by cocrmtmg the 
effects of a tmgle impoke into a prolonged bombardment, p rovide the 
tnatomlcil b«»i* for the s n a tiined nervous activity (as recorded electrica lly ) 
nhlch IS sometimes found to follow the mppOcatira of -a tingle sti mulra . 
Lastly the mechankm msy be r etpor a l ble for the conthmoos snd 
poiktent state of actirity which k manifested In the rhythmic chto^ 
of dectiic potential in DCural mechamsms such as the vkoal area of die 
cerebral cortex (Berger rtythin) 
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The whole of the central and peripheral ncrroxi* «yitcm is denved from 
the embryonic »tin or ectoderm- Such a dcnvation may pcrhipe be anti 
apated on general groundar for if the akin is the anatomical boundary 
between an organism and its external environment, the nervous system 
•miply extends this function in ao far aa it providet a mechanism whereby 
the organism r eceives external impressions liom the outside world and m 
turn e xpress e s ita own mthviduabty on the environment. 

As we have noted In a pr e v ioua diaptcr m the earliest atigea of the 
formation of the embryo a flat band of thickened ectoderm appears along 
the rmd-dorsal — the neural plate This rapidly amks Into a longitudinal 
gi o u re the margins of which (the neural folds) nsc up and fuse dorsally to 
complete s closed neural tsibe (Fig iia) Mesodermal tissue insinuates 
itseli b etVi 'e en the tube and ^ sur&ce ectoderm from which it was 
ongmally derived, to that the neural tube becomes finally submerged into 
the body of the embryo The margmsl cells of the neural plate do not 
become actuallv incorporated m the wall of the tube, but remam at its 
dorsal surface to form a ndge projecting on either aide. This is the neural 
ertti which stretches the whole length of the neural tube. 

The only elements of the nervous system which are not derived directly 
from the neural tube and crest are the olfac to ry sensory cells, and the 
sensory ganghon cdk of some of the cranial nerves They arise from 
separate ectodemtal thickeoinga or placodes which sink in from the surface 
in the region of flie olfactory pus and the branchial grooves. These 
f^tcodca may be regarded morpbologicaily aa outlying detached parts of 
the ortgtnal neural plate. 

It has been noted m an earUer chapter that the primary formation of the 
neural tube in the embryo la initiated bv tbc mductivc action of the 
ornauixcr’ and that the latter la localiied m the pnmitive atreak tissue 
wiach uWmstrfy forms the notochord and the tI*! mesoderm. It may be 
inferred that rtoss devdopmental anomalica of the central nervous ■ y w t ^ i 
such as spina bifida (m which a portion of the spinal cord remains exposed 
on the siirface of the back) or anencephahn (in which the cercbralbanl 
spherta are undereloped) are the reauit of some inherent defect in the 
capaaty of the underlying roesoderm. 

^Wfferentlatloa of the neural tube Even before the neural plate 
s doted tube, its anterior end has expanded coimderabfy m 
piepai^ ^Uoo fo r the development of tbc brain. We will confine our 
Oon, however to the spi^ cord portion of the neural tube where the 
“Stogcnetic differentiation of the central nervous system has its simplest 
expresnon. ^ 

^ neural tube consists at first of a few layers of columnar 
c eils, ibckjapid proliferatKm soon gives nse to many byera, and the wall 
d^erenuated into three &iriy dijtmct tones (Fig m) The 

which surrounds the lumen of the 

tune, and the celli compoemg it arc considerably elongated m a pcnpheral 
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ftct tt t whole. Only later do tepanite Hnih reflex nvwin-> ^rt becoiae 
Individaahxed ai timple and bohtted reactions independent of todU more- 
ments of the body 

It may bo suppooed, therefore, that la the matuntfon of tfae h%hw 
functioned lerelf of the nervous ayftem, deflnite ptlit become cryitilhied 
out* from a diflnse matrix of rkcrre fibres so as to form tbe anatomtCBl 
of Individuated ixtotor respooses. This is no doubt the phyikal basis of 
education, expiewd in the simplest terms, for tbe nature of the fancthnal 
pattern which Is finally established in a correlation c entr e is in part dc' 
te nmpc d by the e ffect s of individual ezperksce. The pssssm m nerve 

S daes in certam direcdons presumably leads to a process of coodnued 
tatioa at certam lynapdc hmctiona by short>cxrcmting intercalated 
neurons, and this fitcilitatei atKl eacoarira the passage of impulses slang 
tbe same path oo subsequent occasions wnen a stimnlus a ypbed. 
This bong so, tt will be eadly underatood how tbe fietment repet it ion of 
a reaction will establish a set response to a given tinianon m tM form of 
a motor habit 

The brief and schematic account of the d e vc fcip ment of fnnctKmsI 
patterns in the nervous system which has been given abore suggests thst 
elaborate behavKPural reacdooi are ttot so much the result of a CD-ordmated 
c ombi nation of aettvities originally dqiendent on simple and separate 
reflecc mechimtina, u an expreaaioo of the primary compkmty of the 
Demms centres ioroired. In other words, although h is conmnent to 
abstract tbe segmental reflex arc as die elemeodaiy functional nmt of the 
nervo us sy stem, this cannot be taken to imply that the Myri ^tsl reflex arc 
realty prorides tbe for tbe evohitionai7 or iodmdual development of 
more complicated types of motor response. Cochill s ciassKsl studies on 
Ajnifyitcma are more welcome to the Gestalr school of psychological 
thought, nduch regards a behanoural re spons e as a response of tbe anim al 
as a wbole to a ntuxtioa as a wbol^ thn to tbe reflexologist* who would 
amlyae a re^xmse into an aasemblage of pr u narOy m dependent reflex 
units secoodarily harmonized by sotne integrating mechanism at a higber 
functianal level of the nervous •ystem. 

Reference should be made to the ■otths Iiyl reactions of the 

peripheral nervous system can occur as the result of an Impulse whose 
pasHge is limited to tbe t e rTiimal branching of a sensory axon. Such a 
reaction is termed an axem nfUx, and it is Uhatnted m a penpbenJ 
dflator mechtmsm of blood vessels. Sensory fibres in subcutaneous disaes 
may dichotainne so that one t ei ni htsl u litusted In the ahn, and another 
ends m rektian to an arteiiote. If the former n stimnUtrd (e.g by some 
rbrrmi**] irritant) an impulse can pass up to the point of br a nc hin g, and 
then p*«* down m tfae other terminal as an wtit-drtmac impulse to the 
vessel wiH, vaso-dHatatioo. An axon reflex can atill ocenr after 

sectiem of the nTin seusotr fibre pnmmaJ to the pomt at which b dJcho> 

tomixes, but It diaappcars after fofficienl time has elapsed to allow degeaier*« 

don of the penpbcral branches.* 

For «cwit oo tfa« pToUsn of non nflaxaa, ••• J Doopo, "Tfc* fn oi f io rriT i 

ofn«»UT**o-<IIkac*oo J»0rn. NmL mmd Ptytk. * jkj. 
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ihort mter»cgmcntil fibre* which form the b*»u of pnmmvc fpinal cord 
reflcxe* are laid down* In the third month longer tracts con n i n g the 

cord with the lower functional level* of the brain are completed Finally 

m the fifth month there appear the important motor fibre* of the pvtamidal 
tract through which spinal cord activitie* are eventually brought under 
the control of the cerebral cortex. It la mtercsting to note that the order 
m which dicae neural paths become eatabhahed in the embryo repeat* the 
tetnience of their cvolutionaiy hiatory 
TTie rnftnflff fnrt TTttrginfli totic* of thc dcvclopiug ncuTal tube correspond 
to the grey and white Tr^ngr of the aduH cord — the former containing 
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motor and aenaory nerve celU, and tbe latter the fibre tracts. The differeit- 
tntcon of tbe grey matter requires bnef attention tince it show* the 
fon dame ntal plan on which the motor and sensory divmona of the central 
nervou* l y a te m are arranged. 

In it* early developmental stages the neural tube (u seen in tranverae 
section) has relatively thidi lateral wall* which are connected together 
domlly and ventrally by thm roof and floor plate* Each lateral wall tb« 
becomea topograpWcally marhed off mto dorsal and ventral iarntnif by the 
drrelopmeot of a groove, the rulrui bnuiam on it* mrw 

In the doraal (or alar) lamma are differentiated the sensory neurons of 
thc spiral cord, ind into it grow thc fibre* of thc sensoiy roots of the •pinal 
nerve*, which ame from tbe posterior root ganglion ri»n», The aWr 
lamina become* the posterior bom of tiw grey matter of the adult ipmal 
cord. The ventral (or basal) lamina contam* the motor neuron* whose 
aion* grow out and emerge from the neural tube to form the motor or 

ventral root* of the ipinal nerves. Along the line of the sulcus hmhan*, that 
4 ^ 3unctKmal re^n of the dorsal and ventral ^re 

oereloped thc neurota of thc aotonomic nervou* syatem (winch innemte 
vtsceral mcchanlmB), 
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(Grectioii* Some of them r emain to fonn tbe epcndynnl epithdmm winch. 
In the adult, cieij where lines the central canal of the tpW cord and the 
Tcntncolar cavities of tbe brala. Othen form eriZr which undergo 
mitotic prolifmtkm and migrate ootwards into tbe anw. Tinaxooe 
is richly cellnisr Its constitnent elements are all de ii re d ultimately bm 
tbe genninal cells of the ependymal zone and become differentiated in 
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two dlrectttjiii — to form »*«tn>41ki£r or embryonic nerve ceUi and tpoagto- 
blasts or embryofuc neuroglitl mlta 

Tbe nawblasis are chsiactetixed by tbar early assnmptioD of a pynfbrm 
ahape, due to tbe indpknt outgrowth of an azo^ process. Tbe sponglo- 
blsata, cm tbe other hsnd, dev^p a tenes of branching piotoplaamic 
procesaes which interlace freely to fban a doaely meshed ne t w oi x. Tbe 
octennoat or wunraud mom of the neural tube is at ffiit mainly composed 
of such a nctwort. It provides a scaffolding for the auroort of tracts of 
£bra wbkb l«ter grow up and down tiu sptnal cord Indosg^ one part 
with another and connecting its wbolo length with tbe brain- Tnese tracts 
do not begin to appear until the second moitth of foetal life. At this stage. 
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■boTt intenegmentil fibre* vbldi form tbc bttis of prumtnre tpuul cord 
reflttc* tic Uid down. In tbe third month longer tncts connectmg the 
cord with tbe lower functional IcycI* of the bram are completed Finally 
m the fifth month there appear the important motor fibre* of the pvrarmdal 
tract through vrhich ipi^ cord tctmtic* lire eventually brou^t under 
the control of the cerebral cortex. It i* mteteating to note that the order 
m whidi these neural paths become established In the embryo repeats the 
sequence of their cvolutiottarv history 
The mantle and rnargma! xone* of the deirel oping neural tube correspond 
to the grey and 'white matter of the adult cord— the former containing 
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motor and »en»OTy nerve ceil* and the latter the fibre trat^a. Thedifferen 
tiation of the grey matter require* brief attention since it ahow* the 
fundamental plan on which the motor and *013017 dmnon* of the central 
nervtrui lystexn ate arranged. 

In Its early devdopmental stages the neural tube (aa teen in tramnse 
section) ha* relatively thick hterai walla which are connected togetW 
donally and vcntrally by thin roof and floor plate*. Each lateral wtfi then 
becomes topographicslly marked off into doml and ventral Irmirw^ by tbe 
development of a groove, tiic rulais himtxoa on its inner aurfece. 

In the dorsal (or tlar) lamina arc differentiated the •enaory neuron* of 

the tptnai cord, and into It grow the fibre* of the sensory toot* of the spmal 

nerves which ante from the posterior root ganglion r.»T}*- The alar 
lamina become* the po«enor boro of tbe grey matter of the adult spinal 
cord. The ventral (or baaal) landna contam* the motor neuron* whose 
Sion* grow out and emerge from the neural tube to form the motor or 

ventral root* of the spinal nervea. Along the Ime of the sulcus Irantana. that 
a to say st the junctional region of the dorsal and vetuna -ro 

de^^ tWcuroM of the autonomic nervou* system (whiSmSvatt 
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Pnmtnly therefore, the tmngement of nerve in the Utenl wall 
of the nexrral tube from donal to ventral mp ect it n foUowi ■ftm atK* 
tensory vaccral aenaory visceral motor and somatic motor (Fig 113), 
Tha simple arrangement peraista m the apinal cord, and to tome extent 
also in the brain ttem. In tbw brain generally bowerer ft con- 

siderably modified and obecored by a s^es of developmental compUcttioni 
associated with dlstortioos of the neural tube m thk regwe, and with 
subsequent migrations of some groups of nerve from one tjmha to 
another 

Tlie fate of the ttooral croet We have noted the fonnsdon of the 
neural crest from those ectodermal cells of the neural pkte winch £d] to 
become actually mcorporated m the wan of the neural tnoe. In early stages 
of development, the ryT1« migrate v en tially from thar posrtiofi on the 
donoktenl aspect of the neiw tube, but in nonnil preparanons thdr 
subsequent history is not easy to follow for they become mmgled with 
mesenidiyiDe cells from which they may be difficult to dtwtng iifh. Most 
of them, however provide the bsm for the devtlopmtTit of ffie postenor 
root spinil ganglia and the co r responding ganglia of the cranial nerres. 
Taking up a position alongnde the oeoral tabe, they send out s process to 
the penphery vrtiich forms s tensory receptor ending and a process which 
enteia the dorssl lamlris of the neural tube. In this way they fonn bipolar 
nemma which, as already noted, toba^ently become hinipokr’ by the 
approximation and fusion of the two proceawa doee to the cu body 

Neural crest crih are also bebeved to form the celb of the gasgiis of the 
autonomic nervous system and the Sdiwtnn cells of all peripharal nerve 
fibres. Experunentsl evidence in support of this mteqsretauon was 
ongmally brought forward by Hsmson.' He excised the neural crest in 
amphibian larne, and observed that the postenor spmil roots and the 
sympathetic ganglia failed to develop, while the motor fibres of the an te no r 
spinal roots grew out with no tt y wing of Schwann cells. Sunnir expen 
menta were earned out by MQlIer and Ingvar • who found that removal 
of the dcuibI crest and the doratl half of t^ neural tube was followed by 
complete absence of tha sympathetic nervous system, while, after removal 
of the ventral half of the tube, both the spiual gangha and the 

■ympathetic nervous as stem developed nortnilJy 

IlieTe has remained fTmn doubt whetber the dorsal half of the neural 
tube Itself also parfiapatei In the formation of symiwthrtic ganglia and 
Schwann ceQa. Hus question has beeu studied agtm by Raven,* who 
grafte d portions of the neural plate from the emb ^ of one amphibian 
genua {AwhfytUmd) to that of another (TVitaa) Since the cella in these 
two »ntTT\«U are of a diff er e nt their sunsequent history could be 

followed in sectioos of the dereloping embryos more caaDy than m normal 

TTt«ti»n«l Raven concluded fr om fau e rp t^ t nwTta that the sympat h etic 
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nerroii iTitem u demcd both from the netu*l mst md siUo from ^ 

Btonl tube, ■Kink the Soh'jTiim ceUi oit entutly denved from the wiU of 


tte neonl tube. _ . , i j 

Obviously It IS a matter of great difficulty to reach a final decision on 
questions by methods of erpenmental embryology sm cftil i s hMdly 
feasible to effect a complete operative removal of the neural CTcst without 
the potsibilitT of damaging the dorsal half of the neural tube, and rtre 
tmn. In any case the denvauon of ayinpatbeoc ganglia from the nenril 
crest or the dorsal lamina of the neural tube aeons inexplicable on purely 
morphologiol gtounda, for the cefla of these ganglia are motor m function 
and might be expected, therefore, to anic rather from the ventral or motor 
ItTTiTTrt of the neural tube,* 

Be^dcs the part whidi the cells of the neural crest play m the devdop- 
ment of cranial and spinal gin^ia, the sympathetic nervous f 3 rsteni, and 
SchvTann they are also believed to be the source of chromaffin tissue 
(which are mainly found m the medulla of the adrenal gland) These 
cells, hovrercT are really an essential clement of the sympathetic nervous 
system, bang equivalent to post-ganclionic neurons ^see p 36 a) 
Neoronal dlnercntlAtloti The ffifferentuuon of indmdual nerve cells 
may be briefly described by reference to the motor neurons of the neural 
tube. As already mentioned, these are formed from neuroblasts which 
migrate peripherally from the ependymal xone and which soon assume a 
characteristic pynfonn a p p e ar ance by scndui^ out a short pointed process 
The Utter is the growing axon. This pushes its way throc^ die maigmal 
tone of the neural tube and Anally emeiges at the rorface. Sobsequentty 
the axonal processes contmue to extend out mto the mesodetmal tiasuea of 
the embryo until they eventually establish contact with the muscle r^t 1 « 
wMch they are destu^ to innervate. 

By what means each motor nerve fibre finds its v?av to its app r o priate 
mosclo fibre is not dear The growing Up of the axon sbovri a proto- 
phamic expansion which is irregular m outline (the grwsth cons), and the 
study of Uving tissues has shown that this sends out processes capable of 
a kind of amoeboid movement It has been supposed that the giou ring tip 
13 attracted towards its ot^ecove by chemotacuc mflaence* of some kimf 
but there is no evidence to support diis conception. 

Soon sfter the axonal process begms to sprout from the neuroblast, 
dendntic processes make their appearance at the opposite pok of the Cell 
Thar suliequeat differentiation vanes in different types of neuron. 

The dutmeUve cytological characters of nerve cells to appear 
very eariy fri the hu m a n embryo neurofibrillar differentiation first occurs 
before the end of the fifth weA of development, and neurons can then 

be stained selectively by the technique of tilvcr imprcgnatioii- According 
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to Wlndlc and Fhigcrild,* In the tplntl cord thk dlfferentktion fim occnrt 
in the ecKioental r eflex lysteim, Pdiphersl motor end icuorT endlngi are 
formed during the aeTett^ week, and the ar u ffiT r ifM] Ka« of the fint 
reflex arcs it completed during the «ghth week. They note, abo, tW 
the fint morementa of the human embryo have recorded at or jutt 
before the end of the eighth week. It lhaefore tpye arB that neurofibrillar 
differentiation in the emb r yo ni c nerre celb and their pr oce tt ea u related 
chronologicaCy to the development of their ability to conduct impubet m 
reaponte to pcnphenl atrmu^ 

Thb relation haa been demonatrated by the detailed correbtion of 
neurofibrillar chfferentlatioo and tbe derebptneat of reflex pattema in 
lower animala, particularly in tbe atudiea of Windle and faia coUaboratora.* 
They aherwed tnat differcntution fint occon In the neuronal mechxmaina 
of aunple reflex actirltlea, and that iti completion is aaao oate d with tbe 
first appearance of eliched motor reaponaea. They found also that m the 
brain (of the rat) the motor imdd of ^ cranial vnccral nerrea are the firtt 
atructurea to show the devdopment of demonatrable n eurofibnlla e, and 
these are fcdlowed by the celb of the somatic efferent nuclei. Jtiamtereatiiig 
to note, further t-ht within any one fimctional ayatem (at leaat m the apioal 
cord and brain stem) the process of nenrofibtilbr diffoitsitiation begint 
on the efferent aide and anbaeipiendy extends into the afferent nde. This 
siKgeatB that tbe mmal drfferentiatum of neural mechankma depends on 
i n ber eat tendencies of the der e b pi ng nerroua tbauea rather than on the 
result of inductioo by exogenous aff e re nt athsuH. 

Myellnlxatkin When neural paths are first dereloped in tbe eaxly 
embryo the nerve fibres are all umnyeHnxted. It was obserred many yean 
ago by Flechng th«t mydimzctkm of fibres In the brain foUows qorte a 
definite cbrundogical sequence which is constant for individuab of the 
aame apeoes, though it may vary- somewhat m different speacs. On the 
bans of thb obsernuion, be formulsted tbe myehno-geDctic law which 
ibo states tht fibres forming any particular fuDctional lystem all become 
myelinated at the same thne. We have now to consider wbat bctocs 
detentune the onset of this process. 

It IS known that, before any fibres st all have acquired a medolhry 
ibcath, myelin lobitance u alresdy nresmt in nervous fasoes — m the 
biaip h can be detected m tbe cytoplism of nenroghal elements (parti 
colarly ainrig the course of blood vesseb) while along peripheral nerres 
it la found in the Schwaim ceOs and in the am nc c ll Te tiasue cclb of the 
penneurram.* It is probable, tfaerefore, tti«t the substance b carried to 
tbe fibres from some extraneous source, and b cot elaborated m 0 t* by 
the nerre fibres tbemselTes. Nererthdess, its actual deposition troand a 
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nervo fibre a probably a function of the Scbwaim celh. By thar tiani- 
pjrcnt dutfnbcr rechmqtie {tec p s) Clark and Ckri* hare obacrsrd 
that vuibk medullatum in a grewm^ nerve fibre begmi at the tite of a 
Schwann ceB and proceeds m both dircctioni from iL 
Fledatig • obaemtioni suggeated a very direct relation between the 
onset of nrychnnatian and funedon, and aithoti{^ other iactora have been 
invoked to explain the chronological order m which fibres become tnye- 
Unated (nich as the c^rc of tlw fibres and the relative development of 
the vascolar aapply) fins conception is now broadly accepted That is 
not to say ho w ev er that nerve fibres (which are royehnated when they 
become matore) cannot oondnet Inmulsea untfl they have acquired their 
mednllaiy sheath- Indeed, there is ^ec^ of evidence that thqr can do so 
In the new bom rat, for example, tlws central nervons ayatem is almost 
entirely devoid of m^oUated fibres, and yet the baby snimsl is capable of 
a diversity erf motor reactions.* But the process of mychnir^on of nerve 
fibres doa seem to bo associated with completion of thear functional 
devdopment at foUv efficient ccnductori. This, indeed, « pcihaps to be 
mferred from the fitft thm the vcloaty with whicli an nnpnlsc travels along 
a nerve fibre ts related to the thickDM of the meduHaiy sheath, for it is 
cemTr» that nervous actmUea normally depend on a very precise nming of 
the arrtvtl and departure of unpulsea m centres of the biam and spmal cord 
Tiiney and Ciiasoajot* studied tins question m fattens, and arrived at 
the condution that the depoutkm of mydm is comadectal with the 
establishment of normal functum m dyfmtte fibre systems. Some years 
later Langworthy* examined the same problem by comparing the devdop- 
meat of b^vtour patterns and myehnintina m fattens and opossums, and 
also ta the human foetus and infant. Hu results substantated m general 
those of Tiiney and Casami^or In opossums, for example, he found that 
the appearance of the nghung reflex u app roai mately synchronous with 
the meduUition of restibulo-apinal connexions, and when the cerebellar 
connexioas become myeUnated the movements of the »TitTn»l become less 
ataiic and better co-ordinated When the yt n mg opoaeum begins to leave 
the pouch, new behaviour paUenja develop rapidlv and at dm 
the deposition of myelin is greatly accderited 

In the kitten, the cyening of the era (seven days after birth) u corrdated 
with my elmnat ion of the fibres of me ophe nerres and opbe tracta. It has 
been shown mpenroeirtallv also that if the hds of one eye are sutured so 
that It cannot be opened, the myelmixanon of the fibres of tbe coirespond 
mg optic system is considcrsbly retarded In h»rran mfimta, tbe optic 
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nerve* and tnct* hare very little myeHn at birth, but iramediatelT after 
birth tbeae fibres become rapidly meduDated, and in babies trhl^ are 
bom premature^ the procea* is correa^ondin^^ aceelcrited. 

The acccleratiaa of myellnlntkui with precodoos growth and activity 
has been recently demonstrated in rata tm^ with tbymua wrtngt. It was 
found by Buckley that In the tenth gcneraticai of thymua*treated rata the 
niyelinmuion of the ipmal cord of a 6-day-old gnhral is equhralent to that 
of a normal 3o-day-old rat^ 

The myelmixation of the human central nervous s y ste m has been studied 
in some detail by Iakss Keene and Hewer * TIsst note that tracti bran 
to acquire myelin aheatha m the fou rt ee nt h week of rntrs-utcrine life, 'fiie 
motor roots of the spinal nerrea become medullsted before the sensory 
roots,* and the earileat fibrea In the biam «ti*Tn tnd spmil cord to mature 
are thoae of atsoaanon tracts sudi as the pcstenor langitudmal bundle and 
the fittacuh proprii (ground bundles) In the fifth month, when qincken 
Ing mo vem ents of the foetus myclimiafion is markedly 

crated. The ^rino-cerebeUar tracts become well medulla ted at this 
tlmfL At birth, the fihiea of the pyramidal tract (which ta concemed with 
the initiation and coocrol of volontaiy morements) acquire their myeUn 
aheatha. These eiBmpIea leave little d(^t of a relation between myehmxt 
turn and the ocaet of functional actmty and. Indeed, Langwoithy has 
condbjded that the uutiatlan of actm^ in a group of nenrona appears to 
atimulatB the laying down of tnyehn 

Broadly speikmA a may be accep ted t>Mt the chronologica] order 
m wddeh fibre patm become myelinated la reisted to the order In which 
they begin to nmedon normal^ * It is also the case, 0 po in ted out 
many BDatomista, th»t tt couKsdei appiuilmately with tlie order m winch 
the tracts have become dercloped p h yiogenefacally In man, fibres sob- 
■ervnig p Hmh i ve segmental and inter-eegmental refiexea are the firit to 
mature. Tlua la followed by Inng ascenmng and descending tracts con 
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It h fatteratmt to oota tbet, in tbe ftinrrfnnl u jutua of low tarefa of tfaa imroui 
t T iim , mjrilulmO ci b cump ktad firat on tfaa a flwmil aUa. Tfab lepaati tba 
■liaailj notad in nearofibriOar rfWftw -fif Wfcus, «ad ^nj. 
tfaa part of tiM oiuvobm to opcaM itaalf aedWr and ppoolaiiaotialr b«£ 

bj wiik^ is t a ctJ i*w tiituiiMflfMT fium tbm *rcii»f t u T ir o n mect era foSr maOnad. 
For cnnipl*, tfan o c nl ofn o to c narrM by ami m ortmeiai of tiia arai t** ara 

mraUiMtsd lacf bafea arttOa tfaa Sxaa of tfaa opdo nerves do not b a com a nut a r e 

£Q Idnli . On tba tber band, in tbe bifber foDcdaoal larali cf tfaa bnbi (u tba 
carabnd cortex) aflw a iii fibna hmxn a myabniled bafora tba afleraot fihraa, pet bapa 1 
•xpewto of iha tact tbaaa an ali ckj al m a rbul acia of tba uti vooi fiatam (wfani 
era eomparcthaiy i p ciU in tbeir p h pogeaetfc der okipuj ect) dapand eatireiy t<x tbeir 
oBapadaonataigpptTofiaoaoaTiBalariaL 

Antoof other lactocawbi^ may aiaopSiT mhaldkTy part fax the order of myatmi^ 
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a of g io w tU rad ddfai nrirrinn rptaod ont in w a im to otfaer parts. In t fah ca >- 
1 , it nay ta ootad ttat in iba rpfaal cord m y riiuiia tioc fa ^mral flrW becomes 
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Dccting the lower fimctumfll Icvdt of the tpmil cord with the pninitiTO 
co-ordiiKtiQg jnechtoirou of the hind bnun and imd brain, hj ter the 
dominincc of cortiad control la rtflccted m the mye, Imitat ion of the oyri 
midal tract*. Ate birth, the proce*»ofniaturatioii*tiIl proceeds, and only 

at puberty are the fibre* and connexion* of the lo-ctlled aiaocUtion areas 
<k the ctrdjral c o r t ex completely meduUated. 


5 THE NEURON THEORY 

Section* of cmbryological mitenal thovnng the early differentution of 
the noTons lystem give the ippearance of the neuroblast as a separate cell 
sending out proce*»e* which ultimately catabbsh a •ccondarv contact with 
other elemttit* — whctbci lbe*c are muscle cells, cnithebal cells or 

other nerve rTp* , It wa* thi* a^^eaiance which pnmanly led to the enun 
ciadon of the nturon theory by Wtldeycr m 1891 Tbit theory state* that 
fnch nerve cell with iti processes laxon and dadnte*) 1* a separate and 
independent anatomical umt, estinhshin^ relations with other cell* by 
contiguity but having no phytical cnntmiuty vnth them. 

At one t» ne the neuron theory crated conuderable c on tro v itn^ and 
even to>day some anatomist* ^etoon it* vahdny In the middle of last 
century Hessen put forward the proposhioii tharmany of the constituent 
of body are in direct protoplasmic coDtmmty with each other — in 

other word* the tissues of the body really comprue a ayn^uro rather than 
an aggregatKin of anstomlcaliy separate celbilsT umts. He supposed, for 
acample, that in the earliest stages of embryonic development the motor 
neurobbsti are connected with dcvelopmg muscle cell* or myoblasts by 
fine protoplssmic bridges and that, when these elements become se para ted 
ss the result of differential g r owt h, the connectmg strand* are drawn out 
mto long thread* which form the actual nerve fibres. A inniJar point of 
view was later maintained by Held,* who described protoplasmic networks 
(which he termed platmodeanata) connectmg neuroblast* with other 
and providmg bndge* along which the neurofibnllic of the cell processes 
extend In that outward growth. The existence of such plasmodesmata, 
however Is very doubtful, particularly in view of the workrf Neal,* who 
maintained that the neurofflinllar processes are apparently never preceded 
by such mdiSerent protoplasmic connexurns. 

The neuron tbeory seemed to have been finally estabhahed by the tiasue 
culture expenmenti of HtmsotLi The work of thia investigator is of pard 
colar historical urtcrest since it provided the foundation Tor the develop- 
ment of the tissue culture tedunque which is so widely used to-day m the 
atudy of problem* of growth and differentiation. He cultivated hvmg 
peu roblastB m aetled damb ers containing lymph, and was able to observe 
the outgrowth of axonal procease* to fonn what appear to be true nerve 
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fibre*, hi the ab*eiice of other ti**ue*. Ncverthele**, the po«Ibilrty b the 
living body of direct protopLamic continuity (wbidh mty be 
•econdarily^ between nerve procenes at lynaptic jonctio^ tnd between 
nerve ter minal* and muack or ^hbeliil reltf ^ * tin remana to be con- 
ndered. In rvird to the latter some modem hktologisti that 

motor Dcrvo fibre* end m a terminal reticulum which extend* mto cop- 
tmoity with the aarcoplaam of the muacle fibre, and that aenaory fibra 
may have a anmlar relation with the protophtam of senaory epithelial cella. 
Here a qne*tion of technique i* involved for other Imtologista hold the 
opinion that tuch condoaiona are baaed on the mitin trrpf rf hfm of arte- 
fact*, or on a staining method which u not really telectnre for nerve fibre*. 
It 1* fair to state that the general opinion to<-day u agamit the mki mee of 
these protoplaimic contmuitie*. 

The auggeation that adjacent neurons are m syncytial connexion with 
each other at synaptic juaetjona haa no aerioua histologicil evidence m Us 
fimnir Spedalixed techiiiquet whkh render the nerve cell and all it* 
procease* viaihle by metalLc unprcgnatiaQ (e.g the Gdgi method) have 
btkd to demonstrate that the inter neuronal relation at a iwnapae is any 
more intrmatr than mere contact. The G<dgi technique, inaxd, provide* 
a very forcible argument for the neuron theerf amco by tin* method 
only on occaaianal nerve cell here and there u picted act, and the wbok 
neuron can be completely impregnated down to the fineat ranuficationa of 
Its pro c eaaea, wfade adjacent oeorona with wbch it ia b lyniptic relattodi 
r prrwin completely unatamed. 

The preciae anatomical of aynaptic prmnjTlnTM have been moat 
c xmnn ciDglydetPooatrated by reference to the giant nerve cdJa(Mamhnef*a 
ccIIb) fou^ m the bram rtem df rfr t a m teleoatean Tbm aeema ifo 

reasonable doubt from studiea that the a t r i n t i »f m fn*l* are aepaitted 
from the cell body and dendrites of the neuron with whfch they are m 
aynaptic connmon by defimta mterfime pi— rna membranes.^ 

Bhort of actual co otb ulty the relation of oeurtma at their aynaptic 
junction is usually of a moat bdmam nature. The telodendrla of one 
neuron may form a nchlv bronchiiig basket work of fibres wrapped round 
and doaely applied to the cell bo<fy of another ne uron , or th^ may bo 
dooely mtat w l ned with its deodntic proceaaea. In many cate* — parti 
colarly b the motor neurona of the tpmal cord — the tdodeodri* end b 
imnote ^Tpanmiii* of an ovoid or amnilar shape called hmtau or end bulbt 
^rhich he m ImmfMiiafe contact with the cell body or ita dendritic proccaae* 
(Fig 1 14). These boutons undergo degeDcratloa when the axon ia inter 
runted. 

For many year* rt had been accepted that at least m the peripheral 
plexuses of the autoDomic nerroos system (e.g the m ye n t en c pleroa m the 
wall of the inteatmel there extsta a true nerve net, with direct protoplaamic 
contmurty between the constitiient nerve cell*. How e v er by the use of 
cntial Wtnlogieal metbodi, this ha* now been democutrated to be not 
the and it may even be doubted whether true nerve neti exist any 

D 'Tb* rti DOt u i* erf tbe muLuu vriupn J tm n. Cmit- M 917 
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■(There b the ■nim.l kingdom (b »pitc of the fact that thar eiiatcncc bu 
been widely accepted m mvertdDrates) * j . i r 

Apart from hiitological observation*, there la a good deal ot 

mdirect evidence b favour of the neuron theory which may be lifted as 
foUowi (i) The functional polarity of the neuron allow* an nnpulae to 
pa*a m one direction only acros* the synapse, 1 e. from axon to dendrites 
whereas withb the limit* of the nerve fibre itadf an raipuUe can pas* m 
other direction Thi* suggefti an mtemiption m the actual conducting 
element* at the synapie, (a) The passage of a nerve impulse u delay^ at 
a tynapuc junction, and the latter a particularly *u*ceptiblc to the effect* 



Fio. 114. Ditgrcm thwioa Um • pp ranocr of tmTurvI boutrrn ct tbe titiaptie jusctkn 
L wtw w tb« ^MODdrii of cne oevrao, tnil Um aO bo(}y nd dandntes of tnoUiCT NoA 
TitTT," of hr«rmrv« cn focod OQ Uto coQTA of lb* tclodoidm b efo re tba7,Ktaalbr 
tetmiocte. TlieM oe •opaedme* called bcutoca da p — ag e* 


of fatigue. ( 3 ) The immediate degenerative change* followmgh^ury to the 
cell b^y or btermptum of the axon do not extend beyond the limit* 
of the neuron — in other word* the synapse fona* a definite bamer 
beyond which they cannot pa**. ( 4 ) The synapse is susceptible to certain 
phannacologKal agent* (e.g nicotine) which have no effect on the nerve 
tore Itadf.* 

Smee, accordbg to the neuron theory there is no protoplmnic con 
tmmty bet w ee n one neuron and another at a synapse, or between pen 
pherai nave fibre* and »en»ory or muscle cell*, the question antes as to 
how a nerroc* impulse t* pr op ag at ed aero** these itmctural caps. Up till 
compantiTcly recent years, the passage of a nervoua uiipul*e ha* generally 
been regarded as an exatatory wave of phynco-cbctnical change wbdi u 
m Krtne m a nner continued without mtemiption across from one cell to 
another The conception of c hemi cal (or humoral) tntnimittcra «ugge*t* 

bowcTW fittt Dcm fibm tn fenmd wfakt retult from the 
«Tacro*l fu rioq of Um of nwT«h<dk. In ihn c*»e, the atm c*n» act n a dado 
fracdarmit (•« J Z Structure of nm» fibm ud tTnmet In 
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an tltemttiTe cnlariatioa.* It hai been shovn that when an hnpnbe 
reaihea the end of a nerVe fibre, it leads to tbe libeimtion there of a cbetolcil 
substance wlucb is bcHered to be dnectly responsible for sthnolatlnf tbe 
cell Trhich tbe fibre hmemtea. In tbe case of most post-gangllanlcfihm 
of tbe sympotfaedc nemais system this sobstancs is adrcoalin (or an 
adrenalin lilu substance), T^iile in tbe case d all pregan^lonk fil^ of 
the antonomic srstem pott''gangbonic parasyropathedc fibres, and also 
somatio motor fibres, it is ac^ylciioline. Dale baa therefore divided pen> 
pbenl nerve fibres into two categoncs, cholinergic and adrenergic, In actor 
dance whb the type of aubstance which they prodnce when atlmntoed. 

Even if the theory of humoral tranamliaion ihould prove c on ec t for 

penyKgral tvi-pm, h >tin nfTY<iin< qiitf' rmr^rf in TgTwKw *tmikr profyaa^ 

are mvolred In the pattage of iTn pnl*<‘< In the* central nervous system. 
Opponents of the humorsi co n cep t suggest that the gh erntral subitfances 
prcKhiced at nerve endings are products rather than essendsl fsetors 
in tbe propagation of a nervous impulse, and that the trinsmraaion of an 
impulse acroca a synapse Is really effected by tbe influence of action 
cuiTcnta m tlw< cron ternunaL* 


6 THE DIFFERENTIATION OF NEURAL MECHANI8MB 


We have noted that tbe mmal djfferentiatxin of nerre cells and tbenr 
pr o cea s es in tbe embryo a apparently coma dent with the assumption of 
thar funcnoti as conducrora. correlation between the cocupMtion of 
definite neural pattema and the uutiaticm of specific types of motor 
response has bem worked out m some detail by Cogbili on the larval 
MT ^hihiTi , Ajnbfytioma.* 

Tlie qu^on anses whether tbe dlff er e uit siion of neurons and the 
outgrowth of them pnx«sses are tbe result of developmental tend macs 
mherent m the nearobUsta, or whether they ire acttolly de termi ned by 
exogenous stimali anxtng f rom the surrounding tasocs. Chemotropic, 
galvanotropdc, and stereotropic mffucnces bare invoked as causanve 
firotors, and within recent years • great deal of enemncotal work has been 
e arn ed out in order to test sneh possfinhbes. One of the resulta of this 
work has been to the firot that the primary differe n tiation of a 

nerve cell and its processes does m £Kt depend on ha own moiphogcnetic 
propensities, for mu can taka nlice m tissue cultures of neurobksts where 
the g rrrar i ng ire complettay removed from their nonml enviroomenL 
By ^ the tasue-cnltiire technique, Himson^ was ible to witch day 
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by 6 xj the proce»c» fprouting finm the embryomc nerve celli. 

He ettnnated thnr me of gio^t h at betw e en 40;* and 50;* an hour and 
be wta able to aee that the protoplasmic expannon or grvKth cone at the 
up of the aion has active amodwid properuea Hia expenmenta led hunr 
to coodude that the tnrfuti direcUon in which the axon grows out la also 
predetermined — depending on a dvnamic polanty of the ncuroblaat which 
n probably conditioned nOTmally iti p^uon in the neural tube. 

Even m abnormal aituaUona, axonal proccasc* pcraist m growing 
in a diredhon which under normal orcumatancea would lead them to their 
dcaUnatiotu If for example, a section of the spinal cord of a larval amphi 
bun la removed and reptac^ by blood-clot so that the developing nerve 
fibres which normally extend down the cord are deprived of thor normal 
cnvironnient, they contmuc to grow straight throng the cloU It haa also 
been observed tnat If embryonic scaaory gangha are transplanted to 
abnormal poshions in die body the axonal proceaaca of thnr ceQa extend 
straight out mto nagbb onfmg tissuea for a considciabk distance., even 
though they may never be able to catabHah funcuonal connexions with 
the ner v o u a iyftenn 

The outg row t h of embryomc nerve fibrea haa been observed m the 
transparent tail of larvil amphibians by Speidel,’ who alao noted the 
tendency of these fibres to grow m a straight line so long aa the subatraturo 
la fiuriy homogeneooa. Whtt they meet with some obs^e, however they 
may be deflect from thor course. One gets the nnpreanon from Spodel s 
obcemuons that m such a case die a^rv^ amoeboid up of ibt axon 
explores the oachboarhood of the obstacle usul it finxls a wav round. 
Where the obatade u too great, however the axon may be retracted or 
It may be absorbed and disappear altogether 

After die initial outgrowth of nerve finea, the inflnwir^ of the surround 
mg tissues m det eru ilnmg the sobaeouent paths by which they reach their 
desdntUon ta undoubted^ responsible for the estahhihmcnt of the cbarac 


tensUc patterns of penphetai nerves. Thus, it has been found by several 
obterven that if a nmb bud it grafted mto some abnormal position so that 
it reccivea its nerve supply from an unusual source, the paths followed by 

the nerves mthegraftedhmb arc the tame u those m a normal limb I.itft 

bk>od vessels, n er v es follow padia of least resistance m their grow t h, and 
hence make use of fascial planet where there » l«ae connective Ussue. 

The fact that growing nerve fibrea will often, m orcumventmg obatadea, 
pursue a oremtoua course to reach thor objective, auggeata that they are 
trpoied to an attractive influence of aome kmd. The nature of this m 
fiaence, homwer » uncertain. As already menUoned the concepuon of 
chcimcal trop^ (first tuggeated m connoMn with developing nerves bv 
ajal) seemed at one Ume an acceptable cs^ilanauon to many anatomist^ 
^penments designed to teat this theory however have hid negauve 


Wem» tned to control the orientation of growing nerve fibres m Ussue 
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cultures mans of chemical but be tru unible to find that 

hid any direct effect On the other hand, the direction of groirth could be 
controUed by tnodi^ing the ultri-itructure of the lubeOitunu Some rf 
Spadel » obaemtions ire upotite to tbh question, for he noted tbit, b i 
fijM faidculta of grotr in g fibres, one fibre fuddenly double back and 
grow alongtide hi fellows, but fa an opposhc direction- It is difficuh to 
expUfa B phenomenon of thW kmd on the bans of fhiTncrt rn pkij , 

The mnoence of the fao^ectric field is another potable factor and 
some years ago it wu reported by Ingrar* that the outgrowth of aionil 
p ro cet s es m nerve cells devefapfag fa titsne cn l t ur es could be determined 
and controlled by very weak galvanic emrents, the processes becoming 
orientated aloM the Enes of force in the electric field- Howerer accord 
mg to WeiM (^ho repeated tmular e xp e mn ents with negative rcsultsl 
the reaction the growing fibres rras due, not directly to ekctncsl 
ttimuli, but to alteratiotts fa the ultra-structuro of the mitneut ine<fium 
resulting from the tensiooal forces which had been set up by the gahtnic 
current* 

While the nature of the mfluence which directs ^rowm^ nerve fibres to 
thetr dettmstioa remtins a matter of cimtio ve isy it u quite dear that the 
pTolifertuoQ and difierentiatK^ of neuroblastt fa the central nervoDs 
system can be modified bv extraneous ttimnli of tome tort — whether these 
arise m the central nervous system itself or m penpheral ftractnres. Some 
of the evidence for this msy be bridfiy renewed- 

In a study of neurofibnilsr £fiereaitiatian fa the embrytnle bnon, Bok> 
found that, as a certain tract of fibres (t^ poetenor bc^tudinal bundle) 
extends down the length of the bram ttem, the groups of Dcarohlasts with 
which it estibfiihes contact fa a caudal direCTou b ecome ^ucccssiTely 
diff er e o tt ste d m a cotre sp oodfag sequence. In other words, the neuiO' 
blasts to be tetrra^ by & ** *oon ss the litter reaches tbar 

level, gmog off dendritea wfadi tpjxroach tbe fibres of the tract, and an 
axon whkh grows out fa tbe opposite directiou- Bok supposed that 
Impulses poiaing down tbe tract were directiy responsible m inducing 
this structursl difFerentutiotL, and be spoiled tl» term rttwtaJagnous 
J^rfUatmt to tbe process. These obterrsoocs are hardly coodtmve in 
themselves, how e ver strongly they msy suggest tK^i such a pro ces s does 
occur It remains postible, instan ce, that the progressiTe cephalocaudal 
differentiation of neurons m the brain stem may be leltted to a metaboBc 
gradient of growth a c ti vi ty for h is known that fa the derclopmeot 
of tbe centru nervous syst e m there Is a dominant centre of growth at 
the anterior end of the neural tube whose influence spreads gradoafly 
backwards. 

The experimental wor k of Detwfler has thrown cocsidetable Gght on 
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the#; problemi.* He found, for example, that if in AmblyfUmta the brachial 
region of the ipinal cord (which cont^ the neurons innervating the 
fore-hmb) is exoaed, and is replaced by more posterior segments of the 
cord (which normally only suMly the body waD) there is an increased 
n^TTnlrr proliferation m titt grafted semecta which equals m extent that 
normally occurring m the excised brauual region. That this proliferation 
IS not induced by Infloencea anting in the fore-Umh was tbown by the fact 

that It occorred when the hmb had been previoosly removed. It appeared, 
th er e fo re, that the proliferation was due to the influence of tracts of nenx 
fibres descending from the medulla mto the upper end of the •phial cord 
and this seemed to cemfirm Bok a conception of atnnulogenous fibrilhmon 
The question ofaxulmetabohcgradientaatiDansea, however andDetvnler 
pursued the inquiry by removing the first few segments of the spinal cord 
and replacmg by a grafted mednlla. In this case, be found that a 
greater fyllnb i r proliferation was induced m the more caudal spinal seg 
mcDta, apparently due to the augmentation of descending tracts anamg in 
the transplanted medulla. 

The in^ence of peripheral structures on the developing central nervous 
system has also been oemonstrated expenmentafly Burr* found that if 
one of the olfimtory aensory piacodea m Amhiyjtoma is removed, the corre 
tpondiog cerebral bernttphere lads to develop nonnaBy and that if an 
addition^ placode is grafted mto a position alongside the connal placode, 
pgTintgy hyperplasia is mduced in the ol&ctory regions of the hemisphere 
May and D«twUer> cransphmted developing eyes mto the auditory region 
of the head, with the result that the opUc nerve entered the adjacent 
ctamal nerve ganglion or cvea the medulla, giving me to mereased growth 
and proliferanon of neuroblssts m these centres. Hamson^ perfomvrf the 
mpnioui expenment of replacing the ejr of one species ^ Amblyrtoma 
(A punctatian) by the lar^ eye of another species {A. bgraam) and 
found that the corresponding optic c eoti 'es m the mid brain of the host m 
creased in sue. Sinmar resims have emerged from Detwiler’s experiments 
in the grafting of limbs in amphibian luvae. In these o^ienments, be 
a imed at overloading the pcrroherBl area of nerve supply m order to see 
whether it led to correspoomng changes in the c e ntr es of the central 
Derrous system. If a hmb nidnnrat u transplanted backwards a so^aent 
dttt sp c e , it will denve its nerve supply from new segments of the spinal 
cord which normaDy are only concerned with mnervatinff the body wall. 
This adaptation is accompanied by a maitcd hypertro^y mvolving the 
•ensory neurons m the c o r r e sp onding r^um of the a»i£ 

It win be observed that the experiments which have been quoted show 
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culturei means of chemlcsl ifcnts, but he wts tmible to find tlirt t hfs r 
hid any dnect effect. On the other hand, the direction of g r owt h could be 
controlled by modifying the nltra-atnicture of the substratum. Some of 
Speidel a obaervatlcini are apposite to this question, for he noted that, m a 
fine ^adenitis of growing fibres, one fibre may suddenly double back and 
giw akmgiide ks fcHowa, but in an opposho direebon. It Is difficult to 
explain a phenomenon of thtg kmd on the basis of chemotropum. 

The innnmre of the bto^dectrio fieh^ is another poxsiblfi factor and 
some years ago rt was repor t ed by In^rar* that the o utgr owth of Tnnal 
processes m nerve ceCs deveiopiog in nasne cu ltur e s could be determined 
and controOed by very weak galvanic currents, the pr o cesses becoming 
orientated along the Imea of fera In the electric field. H o wev er accord- 
mg to Weiss (who repeated experiments with negative resultt) 

the reaction of the growing fibres was dne, not directly to electncsl 
stimuli, but to sheratioDs m ultra-structure of the nutrient medium 
resulting from the tenslonal forces which had been set up by the galvanic 
cu r re nt . 

While tile nature of the ln fbifTKT> winch H t r cct* ^rowin^ n er ve fibres to 
their destination remains t of < -»w>ir nv M« y it Is qmte i*^*^*' that the 

proliferation and differentzation of neuioblasts m the central nervoua 
system can be modified by extraneoua of some sort— whether these 

^se m the central nervous system haelf or m peripheral atructnres. Some 
of the evidence for this may be briefiy reviewed. 

In a study of ocarofibriDA diffe naintwi fo the embryonic brain, Bok< 
found that, ss a certain tract of fibres (the postenor lottfitndinal bundle) 
extends down the length of the brtm stem, the groups of neuroblasta with 
whidi It estshruhes contact in a onHal diremkn become toccem v el y 
differentiated m a c o r r e ap opclmg sequence. In other words, the neuro- 
blasts appear to be activa^ brie tract as soon as the l a tter reaches then* 
level, g i v in g off dendntes whkh approach the fibres of the tract, and an 
axon which grows out in the opposite direcboo. supposed that 

impulset paialng down the tract were directly r e a p maihle tai mdocing 
this structural dlfferentittictn, and he tpphed the term stxmala^tmota 
jibriUattom to the process. These obaerratiocs are hardly cootioarve in 
themselves, however strongly they may suggest ttisi sach a process does 
occur It remains ponible, itn jnstance, that the progressive cephalocaudal 
(fffferentitboo of Dcunms m the brain stem may be related to a metabolic 
gradient of growth activity for h Is known that in the development 
of the central nervoui ayitem there la a driTTTm«nf centre of growth at 
the anterior end of the oeoiml tube whose influence spreads gradually 
backwards. 

The experimental work of Detwiler b» thrown coniiderable light on 
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Hemck* found tint, m Antblysioma hutological diffcrentution of the 
ccrebnim begins app a ren tly spontaneous in a number of tndepcndent 
and isolated foa S mtnnnc proceasca which arc not initiated by the 
m gr owth of nerve fibres from other regions. In subsequent stages these 
independent aress''are int erc o n nected ny nerve fibres to form organized 
mtcmi. Motor co-ordmition cen tre s may reach an advanced stage of 
mfferentktion before they have acquired any connexion with sensory 
tracts— in other words, th^ become mstured in tdvince of tbar functiontl 
expression. 

It scans probable that m the embrvo two processes of differentiation 
occur each predominating at a different phase of devdopment. First of 
til, proliferating centres attract nerve fibres and subsequently ingrowing 
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nerve fibres induce or accelerate cell proliferation m the central nervous 
•ystem, rhat the penpberal impulse is the more important as a prunaxy 
^ctor catmflg the development of nerve c entr es is usually considaal to 
be the explanation of evolutionary changes m the nervous system. For 
example, the atrophic condition of the viaual centres of normally blind 
a^inMls u commonly taken to be the secondary result of a dcgcncratitm 
of the penpbenl mwiianism of the eye. 

One of the theonei which have been daborated to expbm the underlying 
piiuCiplet of neural differentiation xvas conarved by a Dutch anatomist, 
Anftts Kappcis, in 1907 He ^pbed the tenn nambtotwaj to a pheno- 
menon whidi he behc^s^ to be of^fundamental importance m detennming 
“oanangement of nerve cells and their proc esses m the nervous system. 
Stated bnefiy the principle of neurobiotaxis exp r ea s es the tcndeni^ of 
ceDt to move towards the source of tlm impulses by which they are 
P^jottduantiy affected. If, for example, w« imagine a group of nerve cells 
mainly activated by stimuli reaching them from a direction b 
^^ceUs win tend gradual^ to shift their poai^n towards b (Fig 115). 

bittnugratory tendency is manifested m embrynlogictl as well as in 
®^o™tK>naty development, and it may kid to a displacement of ner v e 


J46 the tissues OF THE NERVOUS SYSTEM 

A rctposAO of ftjoofy DconiDj to aq AitificiAl incre**o in penphpAl >tnic> 
turcA. Motor nouroot mtem to be aSccted eitber not tt kllby tbece pro- 
cedure*, or only to a very Inmted extent Detwilcr’i expmmenti wre 
shown, however that they do respo n d to PrrmiB gming within the centnl 
ncTTous system, e.g as the re^t of an angmentanon of 
bulbar tracts. He has also demooftxxted die »r r »n giTiwit 

of the spinal nerres Is dependent on th^ m y o to mes, for if addhkmal 
myotomes are transplanted Into one particular region alongilde a 
of the apinal cord, me nnmber of apmal Dares wrdch grow oijt from this 
aectron fends fo iocretse fo a corresponding degree, wbSe the expen- 
mental ablation of myotomes leads a duappcarance of the tegmental 
arrangement 

The lack of response of motor neurons In coanpsnson with sensory 
neurons m many of these experiments auggests that they are the more 
stable and co nserv ative dementi In the central nervous system, and this 
la perhapa correlated with the th<t the motor neurons are the first to 
bedane chfrerentiated m ontogenetic development In tlrta connoioo it 
u of intere st from the pomt of view of ccmpaiative anatomy to ooteihst 
'sensory ankcchanlsms or the i^ervoos system may become developed to tn 
unnsotl degree without a cones pan diog development of motormechanisma. 
For czamfHe, in some primitive Pnmates, the eyes have increased to an 
eaonnoos sue, with a coTTe spon d m g daborstjon of the visno-reeeptiTe 
apfauatus of the brain, but the motor tracts of the bram rtmam nnifiected, 
and It may be a tnatief of speculadon how the Timwl can make nse of 
the additional ttnoont of sensory matenal with winch it is provided. In 
the later phases of Pnmate erohiWi it is cssentialiy the sensory side of the 
bram which is mainly affected The whole of the cerebral bemispherei, 
winch reach such an derdopment in man, is derived from 

the sensory or alar itnhtfl of the nmirtl tube, and here are built up hn- 
mensdy complicated mtegratmg mechaminw whereby mcoming saisory 
impulses can be analysed and correlated, with the object of t e c arm g a 
motor r eip ona e winch u m every way luhiblc to tne environmental 
canditkns at the time. It has been emphaslxed by aervtral aititamistB 
that s monkey is unable Co p erfo n u the dehcate and complicated move- 
ments of winch the human hrid U capable, not bectnse it bdes the 
app r opriate muscles and the ap propnate motor paths of the peripheral 
nervous sysl i m'i , but because the higher fopctioca! levels of the bram are 
not developed to an extent sufficient to allow it to make full use of this 
apparstos. 

Much of the expenmoital work on neural diff eren t ia tion to -which 
reference has been made m this sectun has demonstrated that the ingrowth 
of nerve fibre* into the cmtral Dervous system provides a direct stoolos 
for the prolifcrstive actmty of the nerroos tissues wbkh they retch- There 
IS evidence tht primary c e ntr es of proh fersU oo may attract the in- 
growth of Dcrve fibres, since h has been obs er ved em br yotomcally that 
active cdl ffivisoo in the ce ntra l nervous system often p re ce des in tune 
the development of the corresponding sfferm t fibres. Hence the rekdon 
between the two processes fa reaproesL 
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of an dcctnc field have hitherto met with no nxccets, and the theory of 
neurobiotaii*, m iprtc of an extensive literature m which it has often been 
invoked m of nervous organuation, remains a theory * 

It may be noted that the ncuroblotactic shifting of nerve cells is m many 
cases partly due to a relative rather than a real diaplacenicnt. As the result 
of dmerendsl grow t h in the embryo Dcurtms tend to become greatly 
dongated m order to reach the tit*aes which they supply This dongation 
mamly sffects the process (which is roeoalited for conduction over 
bog distances) and consequently the cdl body Ttlatrvtfy to the temunaUon 
of the axon, becomes apparently approximated more and more to the 
syojrotic connexions of its dendrites. In other words it appears to migrate 
bo<fil7 towards the source of ita stimulatiotL 


7 PERIPHERAL NERVES 


In man, thirty-one pairs of nervea take ongm from the spinal cord m 
serial order citendmg from the first cemcsl to the first coccygeal segmcnti. 
Twelve pain of cranial nervea also isene from the bmn, but these are all 
tpeoahied m tome degree, and further reference to thm may therefore 
bis deferred for the moment The spinal nerves axe typically formed by 
the union of ventral and dorsal roots which are related respectively to the 
vcottal and dorsal boros of grey matter in the cord.* 

The ventral roots are composed of motor fibres concerned with the 
innervation of somatic musculature. In the thoracic and upper lumbar 
regjons they also contain visceral efferent fibres which, by way of sympa 
thette gan^ia, transmit motor impulses from the fpmal cord to visceral 
or unitriped muscle. The derail roots consist of afferent or sensory fibre* 
whose bodies are situated m the dorsal root ganglia. According to 
the nature of the stimuli which affect thgm, the end organs with w&ch 
these sensory fibres are connected are divixled mto two mam grerop*, 
exterocepton which are affected by stimuli having their ongm in the 
external environment, and vfieroctptors winch are stimulated ^ change* 
m the body itself Imeroceptors again, may be dmded mto wetroceptors 
which are related to visceral organs, and prapnoerpton which arc found m 
*oo“tic structures such as musdes tendons, and jomts 
The arrangement whereby motor and aensoiy nerve fibres are segregated 
separate roots is sometimes spoken of as the 'Bell Migen^ law 
From tune to tune doubt has been raised sa to whether law* m com 
■'vEd, for the suggestion has been put forward tb*t certain types of 
nisy leave the spins! cord by way of the dorsal roota. On the 
Phpiolopcsl side, viscero-motor actmties (such u vaso-diktstion) have 
been observed to follow stimulatjon of the peripheral cut end of dorsal 
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cell* *01116 conndcrabk distance away from the ifto of their pnmiry 

differenttiGon. 

Kipper* fir»t enimaited punaple on the bua of compintive 
imtocnlctl obiervitioni. He noted the nuclei of the crinal D cr re* 
m different vertebrate* show mxrked variation* in thetr relttrve poeitiaQ 
and extent m the bnun stem. These vanatwo*, he bcHered, are the remit 
of an actual displacement of the n erv e m relation to of 

development and vaiymo position of fibre timeta with which th^ are 
functionally aaeociated. Ferhaps the most strikmg M a n iple of such a 
migratian a the nacleu* of the seventh cvsnial {£s^) nezre. In lower 
vertebrates this innernrtes branchial musculature and is th er e f o re respin 
tory m function. It He* In topographical relation to fibre path* which link 
up m one fonctional ijitem all the Tmr?.»^ of the cranial nerve* which hare 
a similar distribution. In terrestrial vertebratea, the functional ngmfictncB 
of the seventh nerve a completely changed in tssoasUcai with the &ct 
that the musculature of the second branchal arch becomes modified to 
form the muscles of the face. The action of these muscles u now largely 
influenced by sensory somuU which arise from the region of the fiice, and 
winch reach the bnun ttan by the fifth cranial (trigcmmal) nerve. Further 
m marnmah, the activicy of the seventh nervo nucleus also cocoes under 
cortkal control by way (rf descending motor paths (pyramidal tract) which 
have their ongm In the cerebral cortex. Whh tbh remxricable change-over 
of functional rek&ons, the rmcleus of the seventh nerve ihifta from its 
original dorsal position in the brain to a ventral poainnn where it 
comes to Lie ad^ccent to the nudeos of die fifth n er ve and the pyra 
midil tract Even in the human brain, the route which the seventh nerve 
nucleus has follcrwed m its evolutioiiary migration is still marked out by 
the tortuous path whidi hi fibres follow hi order to reach the surfsce of 
the brain. 

We have noted that, in its di fe en tiatioD, the oeoral tube m the 
embryo a orpmixed on a ftiriy simple plan, with a dorsal l*TTTTn« con taming 
tbe sensorv Deuront, and a Tentral cantammg the motor nearons, 

and that, while this arrangement petabts reLatrvelyuiiaitered in the spinal 
cord, it becomes obsc ur ed in the brain ■r^n- llie d aUi rb an ce of the 
primitrre pattern m tbe brtm has been M pTinw! •«, in part, the result of 
the neurowtactic displacement of neurons frmn one UmtrM to tbe other 
Groups of nerve ceils may oho migrate over cmaidcTable dislsnces in a 
cranial or caudal dnection under the tame influence. An example of this 
u the sensory nucleus of the fifth nerr^ a porUoo of which extmds right 
down into the upper end of tbe apmal cord where rt is brought into 
rtlition with the upper cervical nerve* with which it b fuDcriooiIIy 

Kappers attempted to explain bis theory of neurobtotixis on the basts 
of rK^nglng electTK potential* m the developing and ftmctioning neurons, 
and he argUed that to morpboiOT of the nerve cell and h* proc es ses, as 
well as its topographical podum m tbe nervous system, is the product 
of drrccbonsl force* of a gihanotropic nature. H ow ever attemp ts to enn- 
•£nn this expenmentsHy by submitting growing nerve fibre* to the infl ue n ce 
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u ODC of the moit reliable cntcna for establuhing the homologie* of 
itructures whoac changetl pontKm and appearance m oifferent a nim a l s may 
othmmo obscure their idjmtity * 

The structure ol a peripheral oervo A penphenl aomatic nerve 
coimats caeentnily of bundles of nerve 6bres (mostly meduDated) which 
are enclosed m a aheath of connective tissue, the tpauunum Thu is com 
posed mainly of coHasenous fibres and a amah proportion of elastic fibres, 
and pro ce sse s extendir^ it into the substance of the nerve, separatmg the 
fibres into secondary bundles. Lastly the individual fibre* arc themselves 
embedded m dehcate connective tissue which is tenned the endotmmtm 
The epmeunum is most conspicuous m the huger nerve trunks, where 
It fonns a relatrvcly tough and thick fibrous sh«th. It becomes more 
tenuous m the trunks, and m the terminal branches it is absent 

ahogetber Withm the tbesth, loose ccomccme tisaue forms penneural 
tpeces which are of contiderable practical importance, since they provide 
cWnels through vduch infective processes can extend along the comae of 
a nerve. They sre pirticoluiy cgmficant m the case of certain of the 
cranjxl nerves close to the pome where they leai'e the skolL 
The penneural spices of the olfsctory nerves, for example, become con 
tmnous through the openmgt m the ofonfonn pkte of w ethmoid with 
the r,ihsrarhnoid space on the surface of the bnum Solutions of dyes or 
pamcolate suspemians mtroduced mto the suharadmotd space mede the 
skull can track down along the nerves into the nasal canoes whik solixtiona 
dropped mto the nasal carmes may also, on occasion, reach the brain along 
the same route. It is easy to understand, therefore, how menmguu may 
develop as a comphcatian of naml tnfw^ons. 

The vaacoUr ropply of peripheral nerve* AD larw and medium 
sued penphetal ae r ves art supplied with blood vessels wmch are derived 
from visailar branches m the immediate naghbourhood- In each large 
nerve trunk in tbe human body there is embedded an mal artery which is 
rdnforced at intervali of 3-5 cm, by a succession of srttnofcs when the 
nerve divides tbe anal veiia divides with iL In the smaller branches, the 
vessel hes immediately adpuxnt to the nerre, bound up m the same 
connective tissue sheath. Experimental evidence has shown that fonction 
ally the blood supply to a nervcis of contidefablo importance, Iftheaupply 
“ c^plctely interropted the passage of nerve impulses is affected and 
^dtma^y a complete nerve bkxd:* may ensue. Tne Isige-calihre fibres 
are first affected, and finally the fine fibres. Since the latter are concerned 
vmh the conduction of impulses trlsfed to pam. this sensaGon may persist 
for socM tone in an area ^ected by an ischaemic nerve block when other 
w sensation have been sboUshed. In an eipenmerrtal study how 
evw Adams has found that the interruption of a number of local autnent 
to a nerve may be effected without harmful results, smee the 
loagltudinal anastomosa withm the nerve trunk is usually suffiaent to 
an adequate blood supply from nsore distant sourcca,* Lymphatic 
▼assets are also present m the epmeunum. It mav be forther noted that 
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njoti, ind mnoeroo* tnitoimiti h*vB tougtt for tbe nxnplKjlogKil btss 

of the»e rwpoQjes.^ 

There eeem* little doubt tint m the lowliest vertcbntes AMphoaa 
and Pftjrmyxon) Tiaccro-motor ncrre fibres do lesre the spl^ cord by the 
<lor«l roots, and there u some evidence, also, thjt they do so m ampmbii 
and reptiles. In regard to mammak, however tbe endmee is on tbe whole 
i nconc h iBive. Most observers who have studied the problem have con 
noced themselves that, after section of a doml root between the ganchon 
and the spinil cord, aH the nerve fibres in thw p r nrim^l aimup undergo 
degen era tzoQ, showing that they have their ongm in the gg/h of tlu donai 
root ganglion. In direct contradiction to condotian la the statement 
of Rur6 and his fdlow wodiers, on the of ■Itniltr eatpcnmcntal w nA , 
that as many as 40 per cent, of the fibres in a dorsal root may be efferent 
fibres whb an intra-epiaal origiiL It b** been pointed oat, b <n* etg j ' rbtr 
m these experiments losufficLcnt attention was paid to the tnaaibilny that 
regeneratea or incompletely degener ste d fibres ma^ be mi^rikgn for nonnal 
fibres. The same authors obsojed efarom a tolysis of celli m the doml 
horn of the spinal cord after section of the iWm! roots, and r eg ar ded this 
as farther gy i dence of e ff e r ent fibres in tbe Isttor Here tgsin, the objection 
has been raised that this cell degeneration may have been the twilt of 
madentil Interference with thcar blood supply by kay of vessels which 
enter the spinal cord along tbe doml roots, or it be an eixinple of 
transDcaioaal deg mr rati on (see p m). 

In sphe of tbe contisdlctoiy evtoence, however the otau pnbcM£ stm 
lemahis whh those who bold the view that a proportion of the dorsal root 
fibres In mammils are e ffer e n t m fanedon. Numerical computations hare 
shown that the number of nerve fibres m a thoracic dorsal root approx! 
matdy equals the number of ggTU m tbe ganghon, which is what uu^ 
be expect if all the fibres are sensoiy * Indwd, the most recent studies 
of Ihtncan and Keyser have led thwn to conclude that, In the cat, a one 
to one ratio between the number of dorsal root pngivm cells tiul tbe 
number of dorsal root fibres is present m til the spinal nervea. 

Tbe TTTitnn of a dorsal and ventral root forms a n erve m which 

the motor and ednsoiy fibres become TT^mgUH md retnanged so that they 
are earned towards their objective In single trunbs. Tbe p^pberal course 
and the mode of brsndbiiK of tKctt trunks seem to be determined largely 
by convenience ibr their mittrlbution. Like blood vesseZs mf fymphctics, 
penpheial ner ves tend to follow the most direct routes and paths of least 
resistance. Tbe main trunks are therefo re found along plinea in 

uriodatian with the mmn vessels. Nerves, however are muA more 
constant and stable than blood vessels, snd the nugratian or displscemcnt 
of any structure or organ dunng embryonic or evolutionary development 
usually Wfi* to a corre^wnding displacement of tbe nerve which sappGes 
it. So much is this tbe case, rfft the sour ce of the nerve supply ts regarded 
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of ripply On the other hand, mdividuil muscle* or groups of in\i*clc» may 

bo selectively paralysed bv partial section of a nerve trunk in the more 
distal part of its course. 

The formation of plexusca m penphesal nerves la stnctly comparable 
with the arrangement and groupi^ of fibres m the central nervous system 
to form arcumscribed tracts. TTus process of f a s ncuIaUo n as it is ciUed, 
has been explained on the bass of the pnnaple of ncurobiotans, 
for it IS clear that If nerve celli exposed to stimuli from similar sources 
tend to arrange themselvea m common gronpa, their axonal processes trill 
neceasarily come into dote topographiad relation wrth each other From 
the enbryologlcal point of view also it may be noted that nerve cellfl which 
undergo differentiation at the *aTWf! time m any particular region will tend 
to be exposed to the *■">«» neorobiotactic influence, and thus will send out 
their axonal p roce ss e s m the tame direction. 

Nerve components In a typical spinal nerve there are four func 
tiooal systems of fibres which innervate the general nasuca of the body 
These ayttems can be listed as followi 

(i) GtHtred towiatic firm concerotd with general cut a n eous and deep 

seraibrtlity over the whole body 

(a) Gowrsf vuctrel effemt fibra c o a rt y ing impulses from hmcous mcm- 
bnoes, blood vesselt, 

(3) Gwrd cucrrsl tff<rtnt fibm distributed to unstnped pnmulature and 
glands. 

(4) Gwrtd tatiatie effermt fhm supplying gecteral steletsl or itr^ed 
mosculatnre. 

We have noted that the first and hat of these categories are related 
respectively to the alar and basal lammae of the neural tube fwhich form 
the doiaal and ventral bomfl of grey tnatter m the spinal coni) while the 
vttccral components arc related to an Intervening area of the neural tube 
alongside the taldu Inmtans (whldi m the tboradc region of the cord forms 
a snail lateral hom of grey matter). In the cranial n er ves similar com 
ponents of a general fammonal nature arc present, but, m relation to the 
•pcculized ftnicUirea and oreanfl vdikh are developed m the head region, 
other special categonea are lUso'fo be recogmied. These are aa foUowa 

(i) Speewf wswfie efrrtni fbm which famerrate highly spedalued 
orgarts, sudi t» the redna, and the cochlea and sankarcular canals. 

(a) Sptaai vuaral efftmU fibra which supply ipeoahied vhcnsl sense 
or gan s, such ts the taate Duds m the tongue. 

( 3 ) SptasivtsctraltffeTad fibra which sap]^ the branchial muscoliture and 
^denrathres. Althou^ it bofthesti^ed variety am d not dlatingmthable 
from tWctal muscle m its minute ttracture, thli nnoculature bsi a 
different derelopmental ongm. It h Twcetal m the sense that it a differ- 
entiated from the mcsodcnnal wall of the pharriix and in the aduk servet 
alimectary foiictiooa (at lettt In part). 


It ibojid b* Dot»d dwt the opdc tmra' b raDra bain trwa wiucMi** „ 
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the ciniicural iheath b Jt*elf tuppUed by fine nerre fibre* («fm nertenm) 
widen are UfuaHy derived from bnu>c»!* of the main nerve trunk tHm 
fibre* ore probably mainly raeomotor in function, innervitiDg the blood 
veneb of the nerve tniolL 

Nerve ploxnaeo It ha* been noted that the icgroental arr an g em ent of 
the tplnal nerves U tecondanly impoatd upon the central p er vo u* lytton 
by the myotome* or muscle sclents In the embrya Where the mntcula> 
ture retairu it* primidve segmental snangement, the correaponding spinal 
nerve* in their pcribberul coinae are dutributed separately In an orderly 
sfcg m ental manner Thb la the case in the tboradc region where the Inter 
co^ nerve* each extend out in their own mteieo^ apace* to supply 
the senally arranged intercostal rausde* and corresponding areas of sldo. 
Such n er ve * may be termed uni>segmcntah 

In the case of the limbs, the prinntire tegmental arrangement of the 
musculature becotiKt greatly dutarbed. In the course of embryonic 
development, my ot om e* are apparently split up and lecombmed In a very 
complicated way to form the individual muscw* of the adult limbs, and 
each musde may therefore den^’o ita nerve supply £n3m several segme n ts 
of the spinal coitl< In order to adapt themselvt* to these new patterns of 
muscuktnre;, the spinal nerres which supply the Gmbs undergo an extendve 
resorting of their corrsttcuent fibres as soon as they leave the spsnal cord, so 
as to fonn mixed plurbegmental nerres which may most crmvetueotly cany 
m one bundle the fibre* destined to innervate ain^ moacks or group* of 
musdea. Motor fibre* may alto be r ecombined vnth sensory fibres which 
are required to supplr an area of skin In a c o r r esponding npoa of the Cmb 
Thb b the bans for the fo rmati on of the Innb plexuses, which are therefore 
easentblly a provutoo for convenleDce of distribation. 

Betides the kige limb plexuses, which esn be readily displayed by the 
ordinary process of diasecdcm, it should be recognized ibat witbm single 
nerve tnmks the indivklaal fasciculi of nerve fibres cammonly reairange 
themsehes In a plexiform mannw u they extend toward* their periphenl 
dbtiibntioiL feature has been studied in some detail by O^CannelL* 
WhUe m the motor and sensory roots of the spinal nerves the component 
ftsdcull run in parallel senes and remain separate. In ahitost all penphetal 
mixed nerves (as can be shown in teased preparations) the fiagaib inter 
connect with each other and interchange nbres. Such intrtDcarsl plexuses 
occur e v en in tmbegmental nerves, and are probably largely cooc e xzted 
with the r e gr ouping of motor and s e ns o r y fibres In accordance with their 
nlfiTTMte distribution. 

Tlie f rmenoTnl Segregation of fibres m the coarse of a mafn nerve trunk 
has some pracdcsl d gnTfi^nr«t_ In the pnnomil part of ha extent, fibres 
for t aimilar ob,)ective ard still dlstribated diffitaely through the 
nerve so for as much as ono-third of its cross sectional area 

can be dmded without any appreoahle sensory or motor loss in its territory 

Aa emaiiMi a may b« notad tbet, in tba •no. tb« tiafriiM b dech^d fmn tfaa fiftb nd 
1^1. — fiLM iii, nl tb« fiexor snhhmb cOfiicrnm £rem da tuiKilh end 
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offupply C)ntheotberhind,individu*lmu»cle»orgroTipaofmu*de8ni*Y 
be tclecavcly paraIy«Kl by partul •ecQon of t nerve trunk in the more 
dutal part of lU Cour»e. 

The fonmtjon of pkxuse* in pcrrohcral nerve* i« rtnctly compirable 
VTith the arrengcmeEt tnd grouping of fibre* in the ccntnl nervou* lyitem 
to form arcumscribed tract*, ThiA proce» of/cxaoiZafton, ta it i* called, 
h** been eipUmed on the barn of the principle of neurobiotan* 
for It u clear that if nerve cell* exposed to itimuh from mnilar lource* 
tend to arrange themscive* m common group*, thar axonal proceasc* will 
nece»*arily come mto dote topographical relation with each other From 
the cmbryological pomt of view alio it may be noted that nerve cell* which 
undergo differcntiaticm at the tame tunc in any particiilar region wiH tend 
to be crpo*ed to the f me neurobiotactic influence and thu* will tend out 
their axonal processes in the aime dirccoon. 

Nerro component* In a typical spinal nerve there are four fimc 
lyjtcm* of fibre* which innervate tba general tiaiue* of the body 
These lystem* can be hated a* follow* 

(i) Gntrel stmatu affermi phm concerned wUh gtnenl cntincou* and deep 
•ctmbility OTtr the whole body 

(a) Gtnnel racacd affema fibrts conveying impnhe* from umcoo* mem- 
brane*, blood Tend*, &c. 

(3) Gtntrd cuccral tffemtt fibre dstributed to unatnped mut cu li t urt and 

amaUc fibre mpplying gcneril »ke3et>l or imped 

Ttuaculatore 

We have noted that the first and laat of these categone* are related 
r e sp e ctiv ely to the alar tnd htaal limuitc of the neural tube ^hich form 
the dorsal and ventral horn* of grey matter in the spinal cord) while the 
vuctral component* are rdated to an Intervening area of the neural tube 
alongside the sulcus UmitaM (which m the thoracic region of the cord forms 
a tnudl lateral horn of grev matter) In the craniar nerrea similar com 
ponent* of a general funcuonal ruture are praent, but, in relation to the 
fpedalixed siiu c tui es tnd organ* which are developed in the head region, 
other tpcosl estegone* are io fo be rccognjxed. These are a* foUowi 

(i) Specud pmaHc ^trent fibre which umervata highly ipecitliied sente 
organa nch sa re ttn s, and the cochlea and tcmiarcokr 
(a) Speael vuotmI fibrts which supply tpeoalhed vwxril tenae 

organa tneh a* the taste ooda in the toogoc. 

(3) Spta al ctytr a/ tetrad fibre, which tup^y the branchial motcokture and 

hadenfilivea. .Mtbcra A tf ia of the atn^ variety and not diitmguithable 

from a brlcn l tmitde in ita mmute structure, thh muscokture has a 
djffcreo t deve lopmental orfgiii. It ia vueersi in the aente th*t rt b differ 
enmted from the metodermal wall of the pharynx and in the adult aerres 
alnnentsry frmetion* (at lestt in put). 


. ,n. ^ oc ^.that tha optfe fa niQj brain trw which ho been drarm 

TO fnm reoCTil tdwtwa of ttw brtfai. Oo lha otber Uod, the Upokr eeU* and theh- 

Ppew^in tha retina art tha eqaWakm of tha powerfor root £awet and ean^ioD 
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(4) SpedeJ nmatU ^crtnt Jibra hmemtiDg skeletal mnsculatare wWdi 
fiibverrcs tpcchdfed fimcttom, c.g the tongue nnoda tud the citrfaric 
tmacle* of tte eje. 

The size of fibres In peripheral neires It rrill be noted b^r reference 
to Fig 108 A that the size of the fibres ^tuch nuke up t penpbenl nerve 
siKnrs conddenble varutioa. In a mked nerve the dometer c^mrelinsted 
fibres ranges from i /i to about 20 ft, and there axe m additioc Ixrm 
numbers ^ anm^xllnated fibres (that Is to say fibres in whkb the hpend 
film coating the surface of the axon Is not detectable with ordlnaiT hativ 
logical stains such as oamic sad). As aheady noted the diameter of a nerve 
fibre and the thickness of hs medullary sheath ire related to the rate it 
which It conducts impulses. Thus It wili he res Hied that m a mixed n erv e 
Impulses trnrel at dinerent vdodties, and It has been found in mamrosb 
that these range from over too metres per second for the largest fibres to 10 
metres per second or less for tho very fine myelinated fibres and the 
anmydirtsted fibres. Since the normal funcdoning of the nervo u s system 
depoids on t c or rect timing of the amvil of Impulses at their destirtttion, 
any alteratlrm of the nortnsl velocities of conduction b likely to mterfcie 
serumsly with the effidency of sensory and motor mechanisms. Thb b s 
matter of some Importance m the restoration of function alter luiunes to 
peripheral nerves. The regenerating nerve fibres in any case take some 
time to sctmire their normal dkmeter and medullation (sju thtrefore their 
normal velocities). If regene iitioo b long delayed, h o w e ver the endo- 
neuittl cubes in the penpbertl stump of s cut oerre may shrink so that 
when they ire entered by the newly gro w in g n e r re fibres the btttar are not 
able to expand to their normal sl^ Consequently they do not rectrrer 
their no rm al rates of cooductian, and functional recovery a to that e xtent 
htmalred. 

It b interesting to note that dnnng the normal g r o i r th of the body the 
velocity of nenroua Impulses becomes p rogr ea sirely adjoated. Hursh found 
that in the grow in g Htten the axon and conductum rate m the 

nerves of the hind-limb in cr e sse In direct proportion to the length of the 
limb Thus the total conductioG time retnams constant as the a n lm s l 


8 THE SPECIFICITY OF NERVE FIBRES 
The afferent fibres m the poatenor roots of the spinal nerves convey a 
v ar iety of nnpolsea to the sphul cord (e.g Imnubcs underlying senndans 
of touch, pressure, pam and temperatnie, ana propnoceptlvo and vbcercH 
ceptive impulses). We have nerw to contlxler how far these fibres are 
tn^xviduaSy ^th specific types of scnsarifm, Le. whether there 

are distinct cstegodes ot fibre* sobser^ng each senaadoc. 

There u a considerable amount of enikmce for the view tbrt there are 
tpedfic nerve endingt of differe nt morphological types which provide the 
J B. Hmh. *C«Ktuadoa Tskxitr «iul of mm flbm 4iw J mn. 

1X7 93W 
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receptor* for itimali of touch. pre»ure, uanpcrsture, or pain («* p. 301) 
It ft eeo a certain, also that there are chflerent seta of afferent fibre* m pen 
phenl nerre* which are concerned with tranamitting impulse* for thffcrect 
scnaoiy modalities. The frequenc? with which impulse* are t nn a mi tted 
alone a nerre fibre depend* on the atrength of the atimulus, and it u 
posaSih on thi* bam to recognae vanatioia m the intenuty of a conscious 
tcnsatiOD But numerous studies on the nature of a nervous impulse have 
ftOed to d<*ri>rt- »ny qteahiatrve difference m the impulse, by whatever kind 
fifttmtilmrt 11 initiated. In otherworda, impulse* conducted by any nerve 
fibres are always fundamentally of the same kind. It follows therefore, 
fhyf the type of sensation i^ch is eipenenced depends on the nature of 
the receptor with which the nerve fibre is connected and on the con n exions 
which It mtVt^ tn the brsm. In other words, each nerve fibre may be 
preiumed to conduct impulsea initiated by a specific type of atnnulos, and 
the pr imar y *ottmg-oitt of scnsory stimuh must depend on a system of 
pcnpberal analyacia. A* it has already been pointed out, such ma^tcri can 
be recoined to the skm as end organs of diffeimc morphological tvpea, 
and there tt a coofiderable body of endecce to show that aimilir aualysen 
cxi« m the organ* of tpecial aense. For example, the sensoiT ceUs m 
d iffer ent parts of the cochka are atunulated by vibrations of different 
frequency so that the recogmoon of varunon* m the pitch of a sound 
de^ds on a peripheral analytu m the internal ear 
It has been stated m the prenoua section that a penpheral nerve contains 
a apectmzQ of fibre atzea, and that the different uxes are asstxiated with 
different conduction vcioattea. Tbcie la also endence that they are 
associated with nervous tmpulaes related to different type* of aensation. 
Thus the large, rapidly conducting afferent nerve fibre* transmit impulaes 
fium propnocepton m muscles, and touch and piresaure rcceptora, while the 
small, slowly condactm^ fibre* arc oo nce med with pamful aenattiotu The 
evidence for tin* i* d en ie d from a variety of source*, mcludmg the atudy 
of the action potentxata m senaory nerve fibres under vanou* conditions 
and the anatomical study of the mnervation of different type* of aensory 
rcccptormtheafanaadsabcutaneoustmoe*. 111 * 10*10501 senaattoo* art 
media t ed by finely medullsted and non mcduHaled fibres » alao supported 
by eroenmema m vduch aectian of these fibre* m the posterior roots of 
spinal nerves (without mterfenng with the other fibre component*) ij found 
to abolish responses to painful stnnuh.* 

In addition m the eri deiK* cited above for the functional specifiaty of pen 
pbcral nerve fibre*, h w known that m the apmal cord afferent fibres become 

segiepted m accordance with the type of acasation which they medute, 

and this may be taken to presuppose a corresponding funcoonal segregation 

ofwmekindmthepenpbenUncrrca- However even if tha should prwx 
to bo the case m the nonnal mdmdual. the speofioty of nerve fibre* u 
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not of mch on order that it proventa them daring the procets of regenot- 
tion of a cut nerve from etiabllahing connexion with typet of end organs 
with which they were not previoualy relateiL In the regenenrtton of a 
acniory penpha^ nerve wmeh haa oeen cut, an mdividual fibre which 
previously mediated one typo of sensation may bec om e connected wuh a 
receptor which responds to a different of sensory stimulita. As we 
have teen, this posiibUity u of considerable practical significance In regard 
to the return ot seniatlon after penpheral nerve lealoM (tee p 335) 

In the cate of motor nerve &rca there appears to be a gcoCTal lack of 
ipedfidty in regard to the motdea which they supply It » a recognixed 
turgical procedure to conttruct crosa anaatomosca ot motor nerv e a m order 
to overcome muade paralyw in where regeneration of the prop e r 
nerre has not occurred. Thin fnclal pamlym may be treated by anasto- 
mosing the central end of the bypoglosaal or spinal accessory nerre (which 
IS cut for the purpose) to the peripheral end of the degenerate fiiaal nerve. 
When regeaeradon la complrte, the padent can aomedmes be educa ted to 
regain a certain degree of control over his museiature. A somatic 
motor nerve can also be anaaton>osed tVith a \-isccral motor nerve with the 
establishment of funcdonal continuity as in the experiments of 

Langley and Anderson* In whkh the central end of the se vgfal phrenic 
nerve was united to the peripberal end of tbo cut cervical sympathetic 
trunk OT m those of Deat^ Duel and BaJtance* m which the central end 
of the sympathetic trunk was anaatomoacd to tl» pcaipberal end of the 
hypogfoasal cod other cranial n er ve s . 

Cmain of DetwQer’s expenments on limh-bud tranaplantatioo inxtnpbi- 
bttn larvae have a bearing on the problem of the selectivity of g ro w m g 
nerve fibres, and ther efore remiire mendon here. He found tbit if the 
limb rudiment ts shifted caudally for only a abort distance it tends still to 
receive its nerve supply from its noniil spmil segroenta — indeed, the 
bmchiai nerves may grow a considerable distance out of their usiud course 
in order to reach the grafted appendage. However there are definite limits 
to this possibility for if the limo is transplanted to a distance of more then 
three segments behind its normal level, it now receivea its n er ve supply 
from new segmenti of the spinal cord winch are not normally concerned 
with Its innemtxotL In othCT words, it appears that growing nerve-fibres 
in the embryo are probably capable of a limited p o w er of selectivity m 
regard to the gmeru region of their distribution. 

A cunoos phenomenon has been iKited In expenmectal transpbmtxtion 
of lunba m Tn pHhtan larvae which soggesta some sort of frmrdrrnal sped 
ficity m motor nerve fibres in these forms, Wats found that, even if a 
transplanted RmH re c e i ves its motor innemdon from quite an unusual 
KTtmx, Its TTiirtrW atm contract in sequence fyncbronoasly with the 
homologous muscles of a normal limb ^Hie expunadon of this pbeno- 
ii qolto obacuie, though ctteiDpti here oeen made to crpltm it 
J N Lanakr tod H. K. Auktsoo, '11 m tmioa of dl&mt Irtnrfi ot oerro fibra* 

A. C. , TTm «SKia of ttfrrmWtVc of tfa* bjp^ 

a..T..T.Ci pri ^l.w ltopr wim aflv fDOCsarfal ■nwti.TTMjiLo b o two m Um carrical •ynp*' 
tb*tic fna«rt»fai nMtoc atrrw Jmn.AMtl.d6 93 -a. 
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astkmdof rtsonance eSecL Except thil the btMS of thai re»onwicc w 
known to rendc in the nerrou* «y»tem, how'cvcr the m ec han jcn wbiai 
underUe* it hsa not been analy»ed. 


9 THE CELLULAR ARCHITECTURE OF THE NERVOUS 
SYSTEM 

In icction* of the central nervoua tYitcm which have been ttained with 
banc dye*, tuch u methylene blue or ncntral red^ the cyto-architecturc 
(that u to gay the di»po«iti<m and trrangetnent of the nerve cells) u dearly 
displayed wTifle in tuch sectumt it can be teen that many nerve cells are 
•cattcTcd diffusdy m a pncral groundwork of interlacing fibrea ao that 
the extent of their dntMution is difficult or impostible to define topo- 
gnphi^y others which are concerned with common funetJona of a 
clearly defined nature are usually collected In fairly orcumsenbed and 
compact groupe. The nuda‘ of the mdmdual cranial nervea, for example, 
form isolated groups which stand out conapicuouily m microacoplcal ore- 
parxtiont. In many cases, also a nucleus is subdivided mto secondary 
grouplngt at an anatomical refiectiOD of an mtnnsic functional diffe r e n tia 
tion As utttsnce* of this we may note that the nucleus of the seventh 
cxtmal (faaal) nerve is composed of aeveral clumpa of cells, each concerned 
wtth the innervation of a different group of fa^ muadea, and that the 
motor neurons in the anterior horn of the spinal cord are timiUily dupoaed 
m gro u ps in accordance with the muscle groups which they fupply 

Alffiough the topographical separation of nerve cells into isolated forma 
pons is commonly r^ted to functional differentiatioiu this u not always 
the case. Collections of cells otherwue homogcnemis m their fortnauoti 
may be incidentally split up into component poops by fibre tracts which 
happen to pass among them, and m this case the anatomical differentiation 
has apparortly no funcnopal wgafficance. 

In the higher functionil leri of the brain, a common arrangement is 
found m which nerve cdls arc disposed m a senes of one or more stratified 
layers This lumnation is best de^loped m the cortex of the cerebrum snd 
cerebellum, and is tlso found in certam other masses of grev (tuch 

as the laterai geniculate body the infenor ohrsry nucleus and the dentate 
nucleus of the cerebellum). 

The sigmficsnce of Ismination u probably related to the complexity of 
the fibre connenons by which the constituent cells of the laminae arc 
linked up with other parts of the braim Where these fibres art very 
numerous they would not find sufficient space to pass m order to reach the 
centrally placed ceUs of a tmgie, compaaly arranged, large group Con 
scqocntfy as a matter of practical convemence, the ctJls are spread out m 
a comparttiTcly thin stratum so as to present a relatiTcly la^ area to 
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not of cuch an order that It prerentt them dining the process of regcners* 
don of a cut nerre from establishing connexion trrth types of end I ' mj i i ia 
with which they were not previouAy rrlited. In the regeneration of a 
sensory pcnpbasl nerve which has been cut, an Individual fibre which 
previously mediated one type of sensation may become connec te d with a 
receptor which responds to a dilTerent tj^pc of sensory stimulus. As we 
have seen this pos^Uityu of considerable practical significance in regard 
to the return of sensadon after penpheral nerve lesmns (see p 325). 

In the case of motor nerve ^res there appeart to be a general lack of 
tpeciflaty in regard to the rausdes which they supply It 0 a recognized 
turgical procedure to construct cross anastomoses 01 motor nerves m order 
to ov er come musde psnily^ In esses where rtgcaeratwo of the proper 
nerve has not occurred. Thus paralysis may be treated by anssto- 
motmg the central end of the hypoglostsl or spinal ac ce sso r y nerve (which 
n cut for the purpose) to the penpheial end of the degenersted fsdsl nerve. 
When rcgeoeration Is corapl^ the patient can soa^mes be educated to 
regam a certain degree of control over hia fooil musculature. A somatic 
motor nerve can alM be anastomosed with a vuccisl motor nerve with the 
estabhahment of funcdonal condouity aa m the expen tnems of 

Ltngicy and Anderson* in which the central end of the scveiid phrenic 
nerve was united to the peripheral cod of tbe cat cervical sympathetic 
truoh or m thosw of D c s t ti e, iSiel and Ballaoce* In which the central end 
of the aympstthedc trunk waa to the peripheral end of the 

hypoglosaal and other crantsl nerves. 

Ctftam of Detwiler'a eiperuneoo on Gmb4>ad transplantsdoci m amphi* 
bian larvae have a bcanng on the problem of the selccdvity of growing 
nerve fibres, and therefore recniire mention here. He found that If the 
limb rudiment u shifted ctodally for only a abort d0tance it tends still to 
receive ha nerve supply from i0 normal spinsl segments — Indeed, the 
brachial nerves may grow a conaiderable distance out of their usual course 
in order to reach tbe grafted appendage. However there are definite hmrW 
to dua poMibility for if the Umo 0 traDsplaoted to a distance of more thin 
three segmentt behmd i0 normal level. It now rec ei ves i0 nerve supply 
from new segments of the spinal cord which are not normally concerned 
with 10 inncrvatlan. In othtf words. It appears that growing nerve fibres 
in the embryo arc probibly capable of s limited power of selectivity m 
regard to the general region of their distributioo. 

A cunoos pmenomenon has been noted in experimental trantplantxtion 
of limbs m amphibisn larvae which sugges0 same sort of fonctional sped 
ficity m motor nerve fibres In these toms. Wass found that, even if a 
tnnaplanted limh l e cel v ea 10 motor inner vali 01 f rom quite an unusual 
source, 10 musdes ■tm contract In sequence synchronotialy with tbe 
bomologoua musdes of a normal Hmh The expIanaUoo of dui pbeno* 
rooioa IS quite oboenre, though attcmp0 hove beext made to explain h 


J N L«3a)«V H. K. Aodenoe *T1 m naios of dJfflwiil Uoda oi nmrf filn* 
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otkmdof resoumcc effect. Except that the b*K8 of this resona^ « 
known to reside m the nervous system, however the mechanum which 
underbes it ^ not been snslysetL 


9 THE CELLULAR ARCHITECTURE OF THE NERVOUS 
SYSTEM 


In sectians of the central nervous system which have been stained with 
basic dyes, soch as methylene blue or neutral red, the cyto-aichitecture 
(that la to say the dispontioa and arrangement of the nerve cells) is clearly 
displayed. ^Vhile m sudx sectioas it can be seen that many nerve cells are 
•cattered diffusdy m a oenwal ^rnundwork of inteilaong fibres so that 
the extent of thor distmiution u difficult or impossible to define topo- 
graphically others which are concerned i^rth common functions of a 
clearly defined nature arc usually coBeettd m &iily circumscribed and 
compact groupt. The nuclei' of t^ individual cranial nerves for ex a m ple, 
form isolated groups which stand out conspicuously m microscopical pre 
parauans. In many also a nudeus ta subdivided mto aecondary 
groupings ss an anatomical reflection of an mtrmsic functional differentia 
bom As inttancea of this we may note that the nucleus of the seventh 
cranial (faaal) nerve ti composed of several clumpe of cells, each concemed 
with the innovatiofi of a different group of fa^ xsusdes and that the 
motor neurons in the anterior horn oftfae tpioal cord are similarly ditpoaed 
in groups m accordance with the muscle groups which they supply 
Ahhoogh the topographical separation of nem cells into isoUted forma 
tions IS commonly relsted to functional differentiation, this n not always 
the case. CoHecGona of cells otherwise homogeneous m their fo rma tion 
may be mcidentiUy spirt up into component group* by fibre tracts which 
happen to pass among them, and m this case the anatomical differentistioo 
has apparently no functional ngnificance 

In the higher functionsl lev^ of doc brain, a common arrangement is 
found in which nerve cdU are disposed in a sene* of one or more stratiflcd 
layers This Isimnation ts best developed m the cortex of the cerebrum and 
ccxebeHum, and is abo found in certam other masses of grey matter (such 
u the lateral gemeukte body the mfenor olrvary nucleus, and the dentate 
nucleus of the ccrthelhimX 

signific ance of lamination is probably related to the complexity of 
me fibre connexions by which the constituent cells of the arc 

linked up with other parts of the brain. Where these fibres are rert 
numer^ tiicy would not find suffkaent space to pa» m order to reach the 
paced cells of a smglc, compactly arranged, large group Con 
•eqocntly as » ni^er of practical convenience the cells are spread out in 
a comparatirely thin stratum so as to present a rclanvcly large area to 
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vHch fibre* can hire ready access one or both side*. The more 
Dumeroua and the more intricate the fibre connexions of tbo atratum, tbe 
thinner U tbe latter likely to be. It follows from this that the expansion of 
such a laminar formation of cells can hardly take place by an increase b hs 
thickness on the contrary It can only expand hj increasing rts surface 
extent Thu leads to the formation of conrolutiona which are so cfaanc 
tenstic of the cerebral and cerebellar cortex (and ce r f a m other strucmres) 
of more highly developed bnlna. That a structure such u the 

cerebral cortex grows in quantity by surface eite n alo o In the fonn of con 
TolutionSt rather than by incresWg ha thickness, la perhaps partlv to be 
explained also by conTcmence of blood supply By remaining rekthrely 
thin, tbe whole width of tbe cortex maintslna a position dose to the blood 
vessels in tbe pla mater from which h derives its vascnkr supply 

It a interesnn^ to note when cortical fonnadons beccnne folded in 
the course of then* expaotioci, the pattern of folding u not entirely hsp- 
haxard. Fissures, or suld, tend to appear aloog the boundary hiM 
separating cortical areas which differ m structure (^d also in functun), 
so that tfa^ come to form important to pographicsl umdmaiks whereby the 
limits of these areas can be defined by smface m spec ii op of the bram. For 
examnle, m the human brain a conspicuous fiarure, tbe cestnl snlau, 
ihirply ddmes the boundary between the motor and sensory areas of the 
cerebm co rtex . In other words, the cooTotutiassl p a tlero of the brain 
has a direct relatioa to the distribution extant of its co c apon a t t 
functional areas. Hk reason for tbU is to be found In the engineenng 
pnndple that. If a stmt is e x p osed to Icatgitudinal compresnon, the 
msximum str e ue s develop in the region where there u a change of thick 
ness or mechanical str e n gth, and it u here that bending is most likely to 
occur In the tame way it is to be expected tbst when, during Its rapid 
growth, the cerdirml cortex is exposed to kteral coenpresrion, it will tend 
to bend or fold where cortictl areas of different width and texture si^oin 
each other 


Besides the fact that the Intrinsic structure of the central nervous system 
shows t topognphical differentiatum by tbe scgregstioo of cells into 
compset groups and kmtnto, a further refinement of cyto-architcrtliiil 
orgamxabon is mtxod uced by morphologica] dlffercDce* in the cells than 
•elves. Adjacent gro u p s and tammae mar be contrasted by the cytologkal 
characters of the which compose ™Tn. In the cer^ril cortex, for 
example, there may be nx or more sep arale layer* each made up of cells 
of a diffident type, varying m tue ahape, staining properties, and trrange- 
ment. Again, m the thafamos (a lai« sensory correlation centre m the 
fore-brain) a number of separate nucu can be defined, not only by their 
spatial grouping, but also on the basis of their cell type*. In many ewe* 
thfa^tological O i iT i»r wirI«tinn can be definitely coTrelatcd with functlocal 
Hi lT rifitcr*, a* in the c er ebral cotter where one laver la mainly concerned 
with tbe lecepdoc of impulses from lower levels of the bram, another vnth 
the rmi**^*^ of efferent impulaes, andyet another with aasodative funcOona. 

It may be accepted ta an axiom that differentiation in cvm-ardihectnre 
a m general directly related to functlanal dlfferentittion- TTie segregatian 
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of of t tjniform type to form tn iBoUted and compact ^jroup ib mdi 
crtive of the \imfonnity and spcafidty of their function while a acattered 
arrangement of ceDs of divme type* ia equally a reflection of the diffuicneas 

and (Sveroty of their function. In other worda, localiDtion of fimcUon i* 
definitely aiodited with the topographical localmtion of nerve cells. 

In maiw parts of the central nervous ayncm the descriptive anatomy of 
cyto-arciutectural features has outstnpp^ physiological studies of their 
functionsl significance, and mdeed, aome ncnrologttts have doubted the 
ntih^ of fubdmding the cellultr areas of the bram into so many separate 
entities as m the past have done. With the progress of physio- 



FlO 116 Mksopbotoftsph tbowing rwrr* ccOt crabcddwl Ic ■ mM of ocuiopjl (ftaiDcd 
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logical research, however it is being demonstrated more and more that 
th» entities are related to different functional system*, 1 c. that they are 
not just meonmglets units of i n t e re s t only to the descriptive morphologist. 
This is the case, for instance with the ccrdiral cortex where many different 
areas Wdeh have been defined anatomically on the basia of their cyto- 
arcHtecture axe now known to subserve cOTmpcmdmgly different fane 
tions, and m the thalamus and hypothalamus where well-defined groups of 
cells have been shown to have equally well-defined functionil unphcaticina. 


10 THE FIBRE ARCHITECTURE OF THE NERVOUS SYSTEM 
The aiTsngcnient. of mydmated fibres in the brain mtiA spinal cord may 
be studied m sections ttamed by the Wagert technioae, whfle the pattern 
made by unmyclmated fibres can be demonstrated by methods of direr 
imprcgiaticm. Grey matter is everywhere permeated by ncuropi] which 
IS w wro ng ly Intricate network of interiacmg fibres, and its deasitv 
^c* ^ differmt sttustions (Fig 116) Such a diffuse arrangement erf 
fibres is a fundamental doiactcnsfic of correlation and co-ordmation 
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which fibre! ctn have ready access from ooo or both tide*. The more 
Domerous and the more mtncate the fibre cotmexions of the stratum, the 
thiooer u the Utter likely to be. It follows from thU that the expaosioa of 
such a Uminar formotioa of cells can hardly take place by an Increase In Its 
thickness on the contrary it can only expand by Increasing its surfsce 
extent This leads to the formatioa of convolutions, which are so chaxso 
tenstk of the cerebral and cerebellar cortex (and cekain other structures) 
of more highly developed brains. That a laminated structure such is the 
ccrebril cortex g r ow s m quantity by surface exten sion m the fonn of con- 
volotiona, rather than by increasing its t hi ckness, is perhaps partlv to be 
explained alto by conv^ence of blood supply By remaWig reudvely 
thin, the whole width of the cortex i position close to the blood 

veas^ In the pit mater from which it derives its vasenkr supply 

It U interesting to ikote thst when cortical fonnadons becenne folded in 
the course of th^ expansum, the pattern of folding Is not entirely hip- 
haxanL FUsurea, or snla, tend to appear along the boundary Lux» 
acparatmg cortical areas ^ch dlfier in stTUCtme ^d lUo in function) 
so that they rrtm^ to form important tepographical landmarks wheichy the 
lumta of these areas cui be defined by ■urfsce inxpecdon of the brain. For 
example, in the human brain a conqdcuoua fi am e, the central sulcns, 
sharply defines the boundary between the motor and sensory areas of the 
cereotil cortex. In other words, the ccmvelutiaoal pattern of the brain 
has a direct relation to the distribution and extent of Its cocoponoit 
functional areas. The re aso n for dils b to be found m the esgmeenng 
prinaple that If a stmt is exposed to kmgitndinal compressum, the 
m«Ti m n m iti eases develop m the region where there b s change of thick 
ness or mechanical strength, and it h here that bending b rrmst likely to 
ocenr In the way h b to be expected that when, during its rapid 
growth, the cerebral cor te x ts exposed to lateral annoresaion, h will toid 
to bend or fold where cortical areas of d ifferen t wldm and texture ai^oin 


each other 

Bendet the fact that the intrinsic structnre of the central nervous system 
•hows a topogiaphicil <lHTfflrntIarinn by the se gi e gslJ oo of ccBs into 
compact groups and tammir, a further refinement ^ cyto-srchitectliral 
orgaimxtian b introduced by morpb(^ogicaI differences m the cells the m - 
sefres. Adpuxnt groups and laminae mar be contrasted by the cytological 
characterm of the oelb whidi compose them. In the cerebral cortex, for 
tvTTnpIft, there may be an or more separate Uyera each rn»de up of ceDi 
of a dfffwMT t type, varying m site, shape, p ro pe r ries, and arrange- 

ment Anm, m the tbabmus (a biro sensory co r r rJsrion cTaitre In the 
fore-brain) a number of separate iraciri can be defined, not only by tbcif 
tpatiil grouping, btrt also on the hash of thor cell types. In many cases 
thM diffcrentistian can be definitely carrnated with funcrional 

diffn e n c-**, as in the cerebral carter where one layer la mainly concemed 
■with the reception of impulses from lower icreb of the brain, another with 
the embai on of efferent Impulses, and yet another with assocbtiTe ftmctifflis. 

It may be accepted as an anom that differenriarion m cym-arebitectuie 
b In gmeral directly rciitcd to fonctiofial differtntbrion. scgregitiDn 
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On tnitomical tnd physiological grounds, the peripheral autonomic 
lystan u dmded into two categonet— and pcnuyrrtpcOuUc 
They control tctivrtiet which are usually mutually antagonistic— hence 
most visccrtl structures are mneiTafed /rom both aouros*. 

In general it may be said that s^npathetic reactions tend to be mass 
reactions widely diffused in their efiect, and that they arc directed towards 
the mobilizttiOQ of the resources of the body for the expenditure of energy 
m with emergenaea or emotional crises. For exam ple, the activity 

of the sympathetic system produces a vasoconstriction of cutaneous vessels 
leading to an increased blood supply to the muscles, the heart, and the 
brain, which may be upon to accomplish additional work- Further 
the heart is accelerated and the general blood pressure raised, while other 
vuceial activities of lc*t immediate importance are slowed by cessation of 
penstalm and closure of sphmetera. 

On the other hand, the e ff e ct s of parasympathetic activity are usually 
di scret e and isolated, and are directed rather towards the conservation and 
restor a tion of resources of energy m the body The heart is slowed, the 
pupils are constricted, and processes of digesUon and assimilation are 
promoted by increased glandular sccrctioQ and enhanced viscero-motor 
actrritiea. 


In brief the sympathetic and parmsympathetic systems represent respec 
tirely the kacsbobc and ansboUc aspects of autonocnic atiivity Such t 
■tatemeot, however is to be regarded merely u a convenient gencaluation, 
for in fact, there are many visceral activities m which the sympathetic and 
parasympathetic systems co-operate to the same end. We may now briefly 
review ^ general organiratioa of the sympathetic and parasympathetic 
systems so to as their peripheral components are concerned- 
The sympathetic ayBlem The peripheral ganglia of the sympathetic 

r em are represented by the sympathetic chain w^ch extendi tiongude 
vertebral column m conUmnty from the base of the skull to the lower 
end of the sacrum, tnd by certain collateral or paravertebral ganglia situated 
m close rcladon to the aorta in the abdominal cavity (e.g the coehac or 
solar plcxusl These ganglia contain nerve ceUa (predominantly multipolar 
In type) endosed m nucleated capsules, aD of which are efferent m fun^on 
The ganglia of the sympathetic are arranged sc^entally though the 
segmental arrangement is to some extent obsaired m the cervical region 
by the fusion during cmbryological development of adjacent ganglia- 'ftey 
arc lin ked together by a longitudinal strand of nerre fibres (Fig iiy) 
The part which sympathetic gaugha play m the organization 01 the 
autonomic nervous system may be mdioted by refcreuce to a diagram 
repieseutmg the mam coanexiona of a ganglion of the sympathetic rH«in 
m the thoracic region (Fig 1x8) Armngfwm small m the lateral 
bom of grey matter in the spinal cord arc efferent sympathetic fibres which, 
after emerging with the ventral root of the spinal nerve leave the to 
jom the ganglion- These fibre* arc finely meduUated and arc termed 
ySre* Together they form a white strand which can be 
«^woed macroicopically and whi^ u called the totoe noma coiTmumcans 
o the ganguon. Mimy of the preganglionic fibres tenumate by ^ 
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centra of the nervous and pronda t bam for the rapid dispenkn 

of uDpxilM* m all directions over a tride area. 

Fibrawtdcb are concerned with reactions of a more bcaliied and precise 
nature tend to collect themsehra into orcuinsaibed bundla or trxKts and, 
m general, the more specific the fonction of a grou p of fibres, the more 
singly defined end compact u the tract which they form. The tendency 
of fi bra conv e ying similar Impulsa to be segregated m anatomlcany well- 
defined tracts la termed fosaadattcpt, and we have seen that this pr o ces s 
m^be explicable on developmental grounds (p 353). 

iTio fibre architecture of ^rey matter m the coitral dcttous syste m 
usually reflects— as a negative image — the cyto-architccturc, for cell groups 
are commonly outlined by capsula of fiWo which skirt their margins 
as they pau hj It may happen however that m their co ar se fibre tracts 
penetrate cell maiKi mth wmch tha have no connexiaQ. Such 'fibra of 
pasaa^ break up the outCoe of ccU groups and. in sections of nonnil 
material, they may easQj be mlstskcn tor terminal fibres. In the cerebral 
cortex, the differendtdoa of cordctl areas based on cyto-andirtecture Is 
reproduced also In the fibre architecture, so that it is possible to dellneatD 
■lrnf>gt all these areas m sectiotts whldi bave^jcen stained by the Wogert 
method. 


II THE AUTONOMIC NERVOUS SYSTEM 
In rather marked eontrast to the catnlised organhation of the brain 
and spmal cord, concerned so obvioosly with the factions of in 

amiTttl to changa m its external cnvntmznait, are the pei^beral ganglia 
and plexusa through which vbceral reactions are controlled. Aa tb^ 
peripheral nerruas structora provide in some a regulatory mechanism 
mr local actintia which can occur mdependcDtiy of the control of the 
central nervous tyttem, they are comrnonly grouped under the term 
autonomic nervous system Since ths term was first employed, however 
It has been roltsed that, with few cxceptiona, the control ox visceral acti- 
TiUa usually Involva the central dotous system as well u penphenl 
gang lt* — m Other words it n not really possible tbarply to datingulsh a 
visceral nervous sy stem from a somatic nervous system cm anatomical or 
pbvsiological groonda. Thus the definltixm of the autonomic nervoos 
f y trni has bon extended by some writers to include not only the pen 
phenl nervous basis of visceral fonctiona, but the coitrsl nervoos 
nuHrKaniBma wfaich STB coDcemed ui these reactioni 

As ahady indicated, the 'nsceral and s omati c actlvitia of the body are 
Tory closely interlocked, both being reproented at all functional and ana 
tomkal lertis of the nenrous system, but it may be accepted that, broadly 
(peaking somitlc nervous mectanbrns ire concerned vtith the regulation 
of an Trrmsl ■ ovcTt behanooT in rebtwn to the external enviroranent, 
the autonomic ne rv ous system k concerned with regulatmg the 
internal envirocment, mchidihg nutritional pfp ccj a ca , tempersture, vsso- 
ntotor vkcero-motnr and secretocy and excretory activities. 
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The ■ympithetic outflow from the tpmal cord in man la Imuted to »eg 
menti extending from the firtt thoracic to the second off third lumbar * It 
Mows from this that wiutc rami commumcantes ire only found m con 
np Ttton with the tympothetic pmgUa of these segments, vdifle grey rami 
rmrimnnirantf^ STC found TMinnr fr o m ill the ganglia. It should be noted 
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tjmptic connexion with the celis m tho ggr wUnn^ Titnf of 

cell*, which are non mcduHated, are c^td posigatgBome fbnt Some 
poatganghonic fibrea may run more or lew directiy to the tuanea which 
thCT are deatmed to innervate (e.g imatriated muade In the wiBa of viaceti 
or blood Tctaela, or gland ceU^ while otben form a &adcQluf termed the 
gny Tonus comMoatuots which rqotna the coneaponding apmal nerve, and 
are then earned to their deatmadon along hi peripheral branchet. 



Fkl I 7 DkpKa nhittndnf tb« gcneal Knoeaocnl ol tbs ■Jtwinlc umtiam lytton. 

rn iw oli n n<n 5bwortfa»p «j — y miJUf iWio»7»t«n«TP»fcc*rafa bwfaaHt>»,aod tfao — ttf 

tba vympatbetic m dottod hoec fibrw ct ba<lv ■jMum ci« 

{a caadasKfiM Horn. (JLAwr CbaaintlMm.) 

PregangUomc fibrea hi a ventral root do not neceoa^ end m 

die cotreapcindingaegineiitargcighon of the aympathetic chain. Thcymay 
pa— without interroptioo tAnn^ the gangUm and ascend or desc i ji d to 
^■p-ntTvtar u ganglia at difiinnt aegmental levela, or titer may contuute 
more penpbenJly to end in a tyn^rtic junction m ono of the paravertebral 
ginglau The poaitton of the avnimae In the peripheral pathway of a aym- 
pfthattr I rn p itM-; can he asegftaiaea in manyinataners by applying' Langfcy*a 
nicotlQC tedmiqne. This dependt upon the fact that the applicatiao of a 
weak of nicotine Wocia the pa wage of an nnpniae at a aynapde 

Juncrion, while having no effect on an uninterapted nerve fibre. 
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tre probably to tlic cntenc gangUonatwl pleroaet and to axon 

reflccq. 

The penphextl afferent paths of the aympathetic syitcra arc nmfl a r to 
those of the aomatic nervous ayrtenL That is to lay they arc nrpreaented 
by afferent fibres ^^ch take ongtn as sensory nerve endings (wiudi in this 
cascarcntnatedinvtsceralstnJCture»,bIoodves«ils,&c.) havcthcircellbody 
m a posterior root ganglion, and enter the spmal cord by the posterior root. 

The poraaympathetlc nyatem In its general organiratian the pen 
phersl part of the parasympithctic resembles the sympathetic system m 
that It is made up of pre- and poatgsnghonic fibres which are connected 
by synapses in ganglia- It differs m the fact that it is bmited to the cranial 
nerves and sacral segments, and that the ganglia are more penphertffy 
situated, usually bong found actually m the viscera wbch they innervate 
tn the form of raiher diffuse ganghonated plexuses. Such are the cntenc 
plcruies (of Auerbach and Meissner) m the wall of the ahmentary canal 
and the cardiac plexuses m the heart wall The preganglionic neurons 
thus have usually a relatiTely long course, and this, together with the fiict 
that their ^pulses are not diffused over a large number of postganglionic 
neurons at synaptic junettons provides the anatcmucal b4»is for more 
discrete and isolated reactiorts m contrast to the mass reactions charac 
tenstic of the sytnpath^c system- 

Tbe cranial part of the pansympathebc system (or the cranial tutosomlc 
system) IS found in relsdon to the third cranial nerve, and the seventh, 
ninth, and tenth nerves. These components innervate visceral structures 
ranging frcmi the sphincter pupillae and affair muscle of the eye and the 
salivary glands to the heart, bronchi, and the alimentary tract and its 
denvattres as far distilly as the middle portion of the colon- The sacral 
contribotion (or the pelvic autonomic systmi) is composed of preganghoaic 
fibres which arise tn the second, third, and fourth sacral segments of the 
spinal cord and are distributed to penpfaersl plexuses m the lower end of 
the alimentarv tract and the peinc niccra. 

It will be observed that, so far as the outfiow of fibres from the cerebro- 
spinal axis is concerned, ^e whole autononuc nervous system is confined 
to the brain stem, the thoraac and upper lumbsx segments of the spinal 
cord, and certain sacral s^menta. In other words, it abovrs obvious gaps 
m the s^menta from whia the large limb plexuses their ongiu. That 
this relation is significant u shown by the fret that vanaaona m the seg 
mental ongm of the Umb plexuses arc always awoosted with corresponding 
variations in the segmental extent of the preganghomc outflow of the 
It may be inferred, therefore, that this outflow is 
inniWtM by the local augmentation of aomatic neurons which is related 
to the development of the hmbs. 


13 THE CONNECTIVE TISSUES OE THE NERVOUS SYSTEM 

1 “ * '!>' mdmdial mmi are 

I;" Of Schtwann cdli, and the whole nerve ia 

inveated by a aheath of va^ndar conneenre tmue from wUch ptoceaw 
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There U apparently only one cxceptwa to thk amngenient, and that occnrt 
in the Dcrvca which aupply the apeoalued glandular tiaaue which 
adrenalin* Thia tiatue (which la comnioaly called ehrtsmi^bt tisrui became 
of the affini^ which ita cclli ahow for chromic aalts) is mainly aggregated 
in the medulla of the adrenal glands. Preganglionic fibrp< end curectly in 
relation to the ceUa of chromi&n daaue, and it n evident, therefore, that 
these cella are the morphological ecptivalent of poatgangliomc Gbrea. The 
aignificancc of thia has become dou* amce, with theaerolopment 0/ the 



FiO. 9. Mfetwbotocnph of ( iu t^t Op -Ic) plans busB tfai KnaU inlEStlu* ' 

cst, Rxiaad by Bt«lschow«k 7 mctbod. A oT the irmpalbctio chain fa«d b«eD cxCr 

pated days p i as mu sty A CBoasirahW proportloa of tbe synipcthetK poat-ttnaboda 
fibrca have t b a itiium ondaiiaoa dcfenenboo aapaalne to battar ■drsutisa tbs gsnrijM 
g>lt« and tbetr pruciiaaBi, MsfoiflcadaD x )50 app rcix . ^ram prspaixtloa by C. J HSL) 

b n mo ral theory of nervoua trananusaion, h has been ahown that on itimala 
don of aympathetic Hbres cdreoahn (or at least, an adrenalin-lihe tub- 
itance) is actually produced at the terminals of the postganglianic neirrocis, 
and probably prunes the medium tbrougb which the ultimate effects of 
sympathetic stimnlatKm geocraHy are brought about. 

Efferent aympathetic impulses are uutiatcd by the activities of lateral 
horn in the spinal corn, either as the result of reflex stlrpalsdoo, or of 
stunulatKm from descending paths in the central nervous system which 
may have their ongm at any fimcnanal lerel, including the cerebral cortex. 
It ta thus apparent that the whole aympathetic system is ultimately under 
the domimti^ control of the central nervous system, NevertbeJera, it is 
possible for certam rwcnral activities to be mediated entirdy by peripbeial 
mechanisms. Such local mechamsms, however are very liniited, and 
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Neuroglia In nuotwcopictl »ectiona of tbo ccntnl ncmms »7»tcm 
ttauwd by ordmtry methodt, there are ahvayt to be icen among the nerre 
r-Ti« tnd tbtar proce«e3 numenm* ansaD, dc^ly itamed ntJclcL These are 
the nucl« of apeaalixed connective tia*ue elmenti termed collectively 
wxrcgifl. The cytoplasm of neuroglial cells is extremely difficult to stun, 
and can tmially only bo demonstrated by particnlar histological methods 
such as sHrer tmpregnation- 

NeorogHa is composed of several typ« of celL Their rclition to each 
other 11 not ahrayickv andthor functional significance is sdll less certain. 
Ncrertheleas, the reco^uon of theac different types is of considerable 
practical importance «nce they are responsible for forming certain kinds 
of tumour which are met with olmxcilly and the nature oi a tumour and 
the prognosb in regard to its growth or operative removal can often be 
determined by reference to its basis. Except for microgiii, neuro- 

glial tissue 18 ectodermal in ongm, being derived from the same embryonic 
whl^ giTc me to neural dementi. 

Microglia lao c) This coansa of small cells with oval nuclei 
and numerous branching cytoplasnuc pioceases, found predominantly m 
the grey matter of the central nervous system. They have been studied 
very intennvdv by Hortcgi, who has adduced strong reasans for behevmg 
that, i mliVe other neuit^;lUl elements, they have a mcaodermal ongjn.^ 
In enbryome development they appear later than other wpea of neuroglia, 
ata tune when the memngesi and vascular organitation of the bram reties 
Its height Moreover they appear first at tlu surfiux of the brain, ustoe- 
dlately below the pis, and only kter do they pienetrate more deeply to reach 
the w^ of the ventncolar Cannes, lastly they are amod^oid and phago- 
c^c. Thor mobihty has been actually obs^ed m tusue cultures of 
living cells, and Horten hss described in detail how they migrate actively 
towi^ die site of a leoon in the brain, and take part in reparative pro cesses 
by removing the d&ns of diseased or mjured ccHs. 

Wells andCarmichad^ have shown thst microglxal bear a very dose 
rese mbl a n ce to the wandering phagocytic celts which are present m oi l t or es 
of ordinary connective tissue, ana that they do not appear m cultures of 
embrvonlc retini in which no mesodcnnal deroents arc pre se nt. They 
founo, also that microchsl cella reset to vital dyes (e.g trypan blue) in the 
^ mscrophage or rcticulo-endotbdial system (see 
P teems Ettle doubt, therefore, that microglia ia to be reauTied 

aa a denvatrreofthe macrophage system. Its mesodermal ongin is Inoiatted 
by some audionties by mmg the alternative term merwia. 

Astrocytes Scattered throughout the grey and white Tn«tt>>T of tjjo 
ccatrd nervous system are stellate cdli with a «tmI1 cell body and elaborate 
branching procroes. They are divided into two categories, proUtpiamac 
whoso cytoplasm is radicr granular in appearance and haa com- 
plicated irregular proceascs (Fig laoBhandjiJrxwaittocyrt# which have 

...... O, 
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and tepti extend in among component fnill, Moreorer whllo the 
vaacukr connectiTe tiwie li of mcaodermal origin, die Schwann a 
ectodermal, being derived dunng anbiTOnlc derelopment from the 
of the neural creat (or perhapa from the wall of the neural tube — aee p. 334). 

In the central nervous tTitera equivalent tmues are found. In me Swt 



parable to tbe epmeunum of peripheral nerve*. 

Under the dura mater are oner membrane* (Utt c uu Hing t s ) ^^v^Tl^^pr^*^ng 
the arachnoid and pta mater These two membranes are compoKd ^ 
essentially the tame dttue — flattened mesothehal aupp or te d m a 
matrix or mterlacing £brila — and an} cotnmonlj r efer red to as the 
ereefmouL There is some evidence to support the conception that this 
dnue is derived from the neural crest and uot It maj be regarded at tbe 
moTphologKsl equivalent of the Schwann »!!■ of peripheral nerve fibres. 
Harvey and Burr found that, if in the larval amphibian, Amifytiara, a 
portion of the cerebral benuspbere without any neural crest 

cells is transplanted to another part of the body diff er en ta Uoo proc eed s 
withput the formation of leptomeninge*. If, on the other hand, a pordoo 
of the mid brain together with ncujm crest cells b aimilarly trsniphmted, 
Iratomeninges axe subaequendy developed b relstion to the trmqilant 
Tnese exobryological expernpoits, ingououi a* they are, bare not earned 
convictkin b the mbd* of some anatomista, so that the conriusioais drawn 
from them mirst be regarded as still doubtfoL It is a of eatnane 
difBcuItv to bvesdgtte by ordinary cmbryologKsl methods a problem such 
ai tbs, for at an early stage neural crest ckls beoxne so intimately mmgled 
with mesenchymal that they cannot be reaxlily distmguisbed. 

It has already been noted (p 47I that under conditioca ^ imtatioc the 
of the poa-acschnaid are capaw of being set free and becoming phago- 
cytic, b omer worda they become conv er ted into m acr opl^Et* Hfce 
rirr t a m mesodcrmal elemaita of connective tusue elsewhere. Tna be- 
haviour certainly togcetti a mesodennsi origin. 

Tlw arachnoid itsSf forms s condnooua sheet mvesting the whole of 
the central nervoua s yst e m (resembling m tba way a serous membrane), 
and beneath it are spaces contaimng loose trabecular daue. In the meshes 
of this dwue arculafes the cerebro^nnal Sold. The latter la formed mainly 
withb the v en tncle* of the bms (firom the choroid plmaes) and, after 
being distributed over the surface ^ tbe bimm and spinal coro, is filtered 
back bto the venous system. 

When the nervoua s^Xem la first demloped b the embryo, it is composed 
entirely of ectodermal titsne. Very soon, however itumvadedbycapilliry 
blood vessels which carry b widi them dwnes of mesodetmal origm. From 
the latter are dd fcren t ia ted the nmsoilar and fibrous coats of ^ vessels 
tbemseire*, snd also cella of a special type which become scattered through- 
out the nerrocs Tliw are the microgltal cells which will be 

diacnased below 

S. C. HxTfvr H. B. Botr ‘H* dmiofcocm ot tbe mwiinf Artk. V -V<wW. 
^Piytk.lB 19*6. 
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fewer longer and «traighter processes, and contain m tbeir cytoplasm fine 
fibnli (Fig 120 d) Protoplunuc attrocTO predonunatc m grey matter 
while &nxB astrocytes are foond mainly in white matter 

A characteristic of astrocytes n thor m tim a t e relation to capUkry blood 

vessels. Some of thor processes cod in flattened expansions closely applied 

to the capillary eodothehom, and are often termed socker processes 
This soggests an important functional relation, and it is m kct supposed 
by somamstologists that astrocytes play a nntntianal role u mtermcdianes 
between the vascular system and nerraua ele m e n ta. In general, however 
astrocytes may be re^rded as supporting ttructurca, equivalent m this 
respect to connective tissue m othtf parts of the body 

FoUowmg lesions or degeneratire processea m the central nervous 
system, astrocytes undergo maAed proliferation (probably entirely by 
axmtosis), leadmg to a hypciplasia which IS termed Astrocytes thus 

play an important part in the process of repair leading to the formation 
of a special type of acatncial tissue. It has suggest^ that the granular 
incitaaons of pro t o plm mc astrocytes betoken a secretory pttxxss, butthe 
endenco for thti has as yet no certam fotmdatian. 

OH^ndcndm^Ua (Fig 120 a) The cells of this type of neorogha are 
much smaller thgn astrocytes, and their processes are less dahorate and 
less oumercrus, Transmonal forma, bowerer are not oncximmon Ohgo- 
dccdrc^^lial ceBa are found in grey and wlute matter and they comme^y 
have a very tnomate relation to oerve-cdl bodies and nerve fibres. On 
Tbf*» grounds it is suggested that they are functionally eqmvalent to the 
Scbwuin cells of penpbecal nerve fibres and to the aatellite cells found in 
relation to nerve cells m peripheral gsnglu. It seems probable, therefore, 
that ohgodendroglia subserves a nutritive and prot e c ti ve fonction and it is 
possibly also concerned with the deposition and mamtenance of the myclm 
sheaths m white matter In regard to the latter suggestion, it u stated by 
some histologists that the diflercotiabon of oligodendrogha ce H* m thie 
course of development comadcs m time with the onset of myeliniistioa. 

Insulating functions have been ascribed to neuroglial tissue generally 
In this c on nexion rt has been noted that it u relatively more abundant m 
areas of dense ncitropil, where fibres carrying different types of impulse 
are togedaer m a dose netwoA, whereas it is leas profuse m well 

defin ed tracts whose fibres have a common functional significance. 

Ependyma Luung the rcntncles of the brain and the central 
of the tmnal cord a a columnar abated epithehum termed ipettdynuu 
Although this does not really come mto the category of connective tissue 
Its consideration here a c o n r em ent because rf its close morphological 
relation to neuroglia, 

From tljt bua of the ependjTml odl» £m proctMa extend penphenaly 

In the derelopmg neuri] tube the» neich to the •orftce, where tber come 
mto reUOoo with the pfxl tmue. Thn conoenon uiuxlly becomci broken 

ax the re^ of the oeurml tube mercBee in thtekoet,, hot rt pernta m certxm 

testonx {e g m the roof of the nod brxin, tod to the spmil cord where 
the ceo^ 00x1 ix m cioie rthtion to the auteromedun fiuore). In the 
Tentnciei of the brant, the ependyinx corermg the chorotd pleiuxex 
*b 
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coitd, tnd motor ted sensory timets in the bram gtem , such u the 

pyranudfll trset and medial fillet, can be displayed. The method, however 
hi» very conaiderable lumtatiaiu. At the beat it can only give a general 
indication of the ongm and destination of fibres whose precise connenona 
must be verified by expenmental studies. 

(i) HtstokgKoJ methods The dtspodtion of nerve cdls in the central 
nervous system can be studied in microscopic secfious stained with banc 
dyes inch as methylene bhie, tololdin bloc, thionin, neutral red, cresyl 
violet, &C. "With proper tr e atm ent these dyes ordmarily leave the fibres 
unstained since they select out the Nissl granules, the chro m a tm of the 
nucleus, tnd the nucleolus. 

Myelinated fibres can be selective^ stained by the Wogert Pal tech 
mque, the pnnaple of i^ch depends on the fact that, after treatment with 
a suit^Ie n xiHfnng agent (e.^ potassium bichromate) the myclm acts as a 
mordant towarda haetnatoxylm. The sections are first over stained with the 
haematoxylin, and subsequcDtly differentiated. Tbcstainistherebyrcmoved 
from all tissues except the myelinsted fibres, which hold rt very tcnaaouslj' 
By the careful study of Wagert Pal seccons it is possible to observe in 
some detail the relation of nerve fibres to areas of grey ma t te r m the central 
nervous system. Particukrly is this the case if the material is counter 
stained with a suttsble dye so that the individual nerve cella tnd the 
myelinated nerve fibres are shown up In the same sections. The Wogert 
Pal method ts ofmo osed as a routine procedure m the microscopical 
examination of the nervous trileiu, but it has certain duadrantages when 
applied for the purpose of efuadaong the details of fibre connenona. It 
demonstrates only those fibres which are provided with myelm ahettha, 
and, since myehnsted fibres may lose thor aheaihs some before 

Jhey actushy reach thar destination, their precise termination cannot 
alvfays be demonstrated with certamty Agam, m the more diffuse fibre- 
tract rystems, bundles of fibres may mterweave in a complicated fashion 
With fibres of adjacent systems so dut m actual practice it may be ertremely 
hazardous to try to establish ther continuity from their origin to thor 
termination. Lastly fibres of passage (which may be poM»np tkrxsvgh a 
collection of nerve cells to reach some other objective) areoften distm 
gmshed only with pest difficulty if at all, from terminal fibres. 

Non myelinated fibres can be demonstnued in mitably prepared sections 
of the nervous system by treatment with silver talta. In tto method the 
axons are disulayed not as the result of bang stamed m the ordinary a- mte 
of the term, but because they become impregnated by an extremely fine 
deposit of reduced silver oxad^ In mccess^ preparations the fine temunal 
aiboniations of mdmdosl nerve fibres can be demonstrated with great 
prediton, so that their relation to oervf cells with winch they come mto 
synaptic relation arc accurately deteranned. 

One of the difficulties of most silver methods b that they tend to display 
afltbc details of the fine neuropil of the nervous syitem, and it ts usuallv 
difficult to trace the course of indivjdual fibres m a matrix of other inter 
twinmg fibr^ For tha reason the Golgi technique and its modifications 

are of tpccisl value for by this method mdmdaal and isolated cells together 

^ sba 
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(mmgiMted tufts of vascuUr pta nntter) beconies modified to fonn t true 
secretory epithelium whkh U coacemed in tbe production of cerebrospon*] 
fluid, 

hlstofteoesU of ectodermal neuroglia As alrady desoibed, 
when the neural tube of the embryo u first formed hs mil coosuts of t 
single Ujer of cells which by rapid prohfeiatloQ increases to tereral hyen. 
The ceUs which Ime the lumen of the tube compnie the germiosl layer 
From this layer cells migrate peripherally and diff er m tx ate into two 
ettegones, ocaroblafts or embryonic nerve cells and spongiobluti or 
embryonic Dcurogisl celli, TTie latter are dlstmgmshed by their mall 
cell bodies, and by thar branching pro ces s es whi^ tt.first appear to be 
mterconnected to form a true syiu:ytmm. They provide s mstni or scaf 
folding to support the growing nervo fibres eiid nerve cells. FlnsHy the 
celli of the gctminal which remain p» ttiu nhimstely form tbe epeO' 
dymil epithelium. The diffcrentistion of spcmgiobUsts mto the vsnoui 
types of ectodermsl neuroghs has been followed in detail by hutological 
studies. Intermediate formsm the devehipment of sstrutytes and ohgoden 
drogha have been recognized, and described as asinUaiis and o^godrt' 
dwtlasts 


13 anatomical methods employed in the study 

OF THE NERVOUS SYSTEM / 

TIk fuDcdonsJ of any group of nerve fibres in the bmn ai>d 

•pinal cord is direct rehted to the coonexioDs which they eatabHah with 
sensory ot nutar ex^ organs, or with other parts of the central nemios 
lyatem. One of the prtmtry aims of the Dcuroiogical anatonnst, therefore, 
is to trace the o r i gin , courae and tenmnal dhtributioii of these condnctiog 
elements. With a detailed knowledge df thar inttreoenenons, it would be 
theoretically possible to infer the functional nnphcatioca of cadi part of the 
nervous lywtem and to obtain a much more complete nictare of the physio- 
logy of the bram as a whole than u at present smlsble. For the fTwtnmht 
is concerned with more than the eluadation of the purely morphological 
structure of the nervous srstem it also falls within his province to deter 
mine bow for It is poarible to relate specific foncrions to specific ftructural 
ekments. Functionsl localixttlon m the nervous system is the commnu 
ground of the anatomist and physiologist m neurokgKal studies. 

Methods employed in the anatonuctl mvestigation of the nervous system 
can be divided into two mam categories, those invoivmg the direct study 
of normal material and those mvoivtM the studv of eipenmental and dmlail 
mateiiaL These methods may now be briefly diicosicd. 

The Btndy of normal materlaL («) Cron Dmtctxm, It is possible 
by ordinary direction of the brmm (partfcularly with the use of blunt dis- 
secting Inatruments) to trice out sereral of tbe better defined fibre tracts 
throughout the whole or part of tbor course. In this way for example, the 
Optic tract can be followed to its termination in the late^ genkolate body 
and saperior cofocohis, the optic ladiatoons can be traced to the visosl 
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( 6 ) WaHman dtgrrteratiotu When myelinitcd nerve fibres withm the 
central nervous system are mterrupteo by cipenmental sctiion or by 
disease, the myelin sheatbi distal to me kaon undergo complete degenen 
non and ultnnstely disappear This process u term^ WaD erun degenera 
non. If a part of the brim or spnial cord containing aucb degenerated 
fibres 18 secnoned and stained bv the Weigert Pal technique, the affected 
tract! are displayed because, in tne absence of myeltn, they do not take up 
the atain. Such a negative picture allowi well-defined and compact groups 
of fibres to be follow^ throughout a great part of their course, but it docs 
not p er m it the tr acin g of mdividnal fibres or diffusely arranged fibre tracts, 
(c) Mardtt dtgeneratioru Of til eipcnmcntal anatomic^ metboda, the 
Maicbi technique haa proved the moat widely apphcsble for studying 
myclmatcd fibre paths m the central nervous syitcm. It has the great 
adfantage over the Wallenin method that it provides a posinve matead of 
a negative picture m microscopical preparanona, for it envies fibres under 
gomg de g en erau on to be atiined whDe normal fibres are left unatamed. 

The Mardn techmque depends on the fact that, during the course of 
their degeneratiaa, myelm become broken up mto granules of 

unsstura^ fatty aada. If these are now treated wi^ a weak solution 
of otmic sad, the latter u reduced to black osmic oxide, so that the de 
generating fibres are etamed a dente black. Prelunm&ry treatment with 
petasnum bichromate u suffiaent to oxidiae tbe email p ro por ti on of un 
saturated fat^ aada in tbe myelm aheatha of normal fibres, and the latter 
do not therefore reduce the osime sad in the nma way In pnnaple, 
therefore, tbe course and termination of any particular ^re tract can be 
determined by interrupting it vmh an cxpenmental lenon, allowing the 
animal to survive for a fortoight or three weeks, preparing serial aectiona 
through the appropriate region of the central nervous system, stiinmg with 
osmic aad, and fonowmg the degenerating fibres through the serial sections 
where they tre marked out by a tram of black granul^ 

Valuable as it ts, the use of the Marchi method requires ert mu f* care 
m order to obtam sauafsctocT result*. For several reasons, also tbe mter 
prctation of Marchi material u not easy In the fint place, cer t a m parts 
of the white matter m the bram have a tendency to produce a 
deposit of black osmic granules even when normal this is termed a/iieuio- 
Marda rtactum. Granules of degenerating myelm may alan extend along 
tbe pcnvaaculir spaces of blood vessefa and cmnlite the course of de- 
generating fibres. Again, rt may not always bo easy to riiittmgiinh between 
degenerating termmil fibres and d^cpciating fibres of passage, though 
m the latter case tbe Marchi granules are coiSned to defi^efirocuh of 
fibres ratber than bang scattered diffusely m the ground substance smonff 
nerve cells. 

In order to trace Marchi degen erati on with certamty it is ahvayi neces- 
sary to have serial sectrana throu^ which the osmic «tinmng fa tny parti 

cularsyitem of fibres am be traced or amftmnty to thar ultimate destmauon. 

Id any case, of course, the Marchi atammg only diaplaya the course of a 
d^enentmg fibre so far aa the latter u mveatyd by a myelm theath. If 
a fibre loses its sheath some distance before it ends, the actual nte of iti 
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with their procma arc picked out here and there. Thit capndoui retetioo 
makes h much easier to study in detail the connexions m represeotsQre 
neuroni in tjw coliectjon of nerre and fibre*. In prindple h inroires 
treatment with stiver nitrate or certain other metric solta afta prtlimiosry 
hardening in potassium btchirmiate with or without otmic ac^ 

The iMthods of investigating the Intnnaic atmeture of the nerrooa 
ayitem to which bncf reference has been made above rarely allow of any 
fmal cooclusiorts regarding the origin and tenmniUon of fibre paths. 
Rather they provide the means for a mcluninaiy itiXTcy of the field of 
mqu^ ta a mais for subaequent experimental work. 

Tlio Study of experimental and cUnlrail material (a) Chtmu- 
tofyns and aU airothy It has been noted above ^see p. 313) that, if an 
axon is cut, its cdl of origin undergoes charactenstic changes involving 
the breaking up and dlsappearaace of its Nissl granule*, a swelling of the 
cell body and a dlsplacqnent of ita nuclens to an cxcentric positton. If 
regcDcratioii does not occur (u in the case of lesions inside the central 
Dcnroua system) the cell body and ft* procesae* evtutiahy undergo com* 
plete atr o p hy 

This procctt of retrograde cell degeneration prondca a roost valnable 
technique for studying the origin of groups of nerve fibres. If forexampfc, 
it 11 required to dctcnnine £r^ which part of the sensoiy ganglkra of the 
thalamus fibres to a q>erffic axe* of the cerebral cortex are dmred, thh 
may be done by destroying the cortical area in an e rperimattal a n inw h 
amwing the latter to survive for a few week*, and then studying serial 
aecuons of the thakmus vrfakh have been with methyiene bloe. 

The rite of origin of the fibres which have been mterrupted by the cordcal 
lesion 1* marked out by a rone of cell stiophy The cell origm of penpheral 
motor nerve* msy tumlarly be studied by cutting the latter and seardimg 
for endence of uiromatoiyBU in the spinal cord or brain stem a week or 
two after the operadon. 

It tometimes happen* that, fohcwmg the lection of a nerve fibre, the 
cell vnth which it » in synaptic relation undergoes atrophy This pheno- 
menon of trawmpvnal i4gauratim 1* uDCommon, but wbm it does oc cu r 
it provides * merhod by which the terminstioo of nerve fibre* am be 
di-jiiwl with the gr ea te t preasloo. If, for rramplr., the optic nerve it cut, 
within a few we^s the nils of one of the main Ictwct visual centres (the 
isteral genicolste body) m rdation to which the optic fibres end, undergo 
profou^ strophy It has been found, m o reorer that a *maT 1 retfaial lesion 
u followed by the appesrsnee of a localized p«tch of cell atrophy in the 
lateral geniculste body and In this way it has been poasible to ahow that 
f rh portion of the retina is prmected on to a separate portion of the 
geniculate body It is not clear why transneunmal degener a tion occurs m 
•ome neural path* and not in other*. Possibly it is an rndkaticMi of an 
f Xf iiTi# ! sped fid ty of function. 


. - tbs •pin*! cord foOo»tiS 
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(6) WaUman de^enerahofL '^Vhen mvdiMted nerve fibres withm tbe 
central nervous system arc mterruptea by cxpenmeatil sccticm or by 
disease, the myelin iheaths distal to the lesion undergo complete degcneri 
non and ultnnately disappear This process is termed WaUcnan degenera 
non. If a part of the brain or spinal cord conta inin g such degenerated 
fibres IS sectioned and stained by the Wegcrt Pal techiuquc, the affected 
tracts arc displayed because, m the absence of myelin, they do not take up 
the stain. Such a neganve picture allowi wdl-dcfincd and co mp a ct groups 
of fibres to be followed througboat a great part of their course, but rt does 
not permit tbe tracing of mdmdual fibres, or diffusely arranged fibre tracts. 

(c) March degemratwn. Of all cipenmcntal anatomical methoda, tbe 
Marchi techmque has proved the most widely app l i cab le for studying 
myelinated fibre pathi m tbe central nervous system. It has the great 
advantage over tbe 'WaDenan method that it pnmdta a positive instead of 
a negative pictnre m micro sc opical preparations, for it enables fibres under 
gfi ing degeneration to be while normal fibres arc left unstained. 

The Marchi technique depends on the fact that, dnnng the course of 
their degeneration, myelin sheaths become broken up mto granules of 
unsaturated fatty aa<^ If these arc now tr e a te d with a w'Mk solution 
of osmic aad, ti^ latter u reduced to black osmic ooade, to that the de 
generating fibres sjo stained a dense black. Preliminary treatment with 
potassium bichromate is sufficient to ccD<iac the small proportion of tm 
saturated aada m the myehn sbrstha of normal fibres, and the latter 
do not therefore reduce the osmic aad m the same way In pnnaple, 
therefore, the course and termination of any pcrticnlar fibre tract can be 
determined by mtemipting it with an cxpemnental leaion, alkrwing the 
animal to sumve for a fortnight or three weeks, preparing senal sections 
through the appropnite reman of the central ncrvoui system, stainmg with 
osmic aad, and foUawmg the degeneratuw fibres through the senal sectiotu 
where they are marked out by a tram otbUck gmralea. 

Valuable as it la, tbe use of the Marchi method requires extreme care 
m order to obtam satu&ctory resuha. For several rcaions, also the mter 
pretation of Mtrdu material is not easy In the first plai^ certam parti 
of the white matter m the biam have a tendency to produce t 
dcpoeit of black osmic granules even when nonnal this is termed a praidh- 
MareJa rtacUotu Granules of degeneratmg myelm may also extend along 
the pcrivtscular spaces of blood vessels and sunukto the course of de 
generatm^ fibres, Agam, it may not always be es^ to distinguish between 
degenerating terminal fibres and deg eperat mg fibrea of passage, though 
m the latter case the Marchi granules are confined to de^te fascacuh of 
fibrea rather than bang scattered diffusely m the ground substance among 
nerve cells. 

In order to trace Marchi degene ni bon with certamty it is always neces- 
sary to have serial sections through which the osmic «r»ming in any parti 

cular system of fibres can bo tracedmeoaionoty to tharultnnate dcstmatioiL 

In any case, of course, the Marchi staining only displays the course of a 
d^meratmg fibre so far as tbe latter u mvested by a myelm sheath. If 
a fibre loses its sheath some distance before it ends, the ictual site of its 
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termhrtrioD canoot be detennined hj tbU method Lutly the Mtfcb 
technique is not Ukelr to lead to accurate resulti In the cue of e n ten tl Tc 
ie ti o n i, for the latter may ccuae a genera! trauma of the bram or ^noal cord 
rrhich leada to the formauon of an oxnne depoth in fibre tracti other than 
thoae rrhidi have been directlv injured 

[<i)IkgtwaUcin(^trmxnalhQirt(m It has been mentioned (p 340) that, 
at a tvnaptic junction, the terminal arborixattona of an axon end in 
knob like thickeninga doaely applied tn the bodv of a uei ve or ita 
dendntea. Tbeae terminal bootona or end bulba tvell up and form 
enlarged granular maases a ferr daya after the axon n e ec tx ooe d ’Hua 
providcfl an ezceptionaDy uaeful m^bod by which the actual termination 
of fibrea in the central nervoua ayat e m can be determined after tn expen 
mental leaion, and It hu been ao employed, for example, to trace the end* 
mgi of the fibrei of motor tracta tn the ipinal cord.' Ita apphcatioo is, 
however limited, partly because of the difficult of demonstrming terminal 
boutoia in most parts of the nervoua ayatem, and partly because, cmi 
where they are eaaily demonatrabfe, they are very variable in their normal 
appearance. In a cnocal study of the method, Phalcn and Davenport 
condude that end bulbs show so much variation m their size, shape, and 
number that thor degeneratian u hardly likely to be suitable ts an htdez 
for locating aynapde connadont of d^encratlng tracts unkas degeneration 
it maasiTe m hs extent.* 

(s) DcgswrotiM 0/' nent tndain Motor and aenaory nerve ending* 
uodtfgo degenetahM after aect^ of peripheral nmrea. HbttJoglcal 
studies of the chtnra which dw ending! ihcrw provide an obvious mediod 
for tracing the pre dsc termlnattons of peripheral fibres, or for ascertaiiilng 
the root ^ue of specific motor snd acnaory nerves, partlcolirly when the 
course of the Utter may be obscured from direct anatomicsl mveatigttioti 
by a {^exiform arrangemeot 

(/) Fwuttonalehai^e$foUctetmtuitTall*7i(Msaui txp4iP Wfi^tt imIatv*i 

The anatomical co ur se and reUtiona of motor and sensory tracta can often 
be studied indirectly by reference to the effects of Impubea which they 
cany in ao far as mterruptkm of the tracta abolUhea these effecta while 
stimulation may accentnate them. Tbeae meihodt are partkularly valuable 
when dealing with neural paths whkh are diffuse, or wmeh involve a serka 
of neuronal relays, and thus are not readily dcmonatrablc by more direct 
anatoimctl procedures. In order to DhAtnte such fijnedootf methods, wc 
mCT dtc a number of examplea. 

It is known that a Urge motor tract (the pyramidal tract) takes origin 
from tn area of the cerebral cortex wai paaaea down into the apinal 
where hi fibrea terminate at different segmental levels. Electrical ftntmla- 
don of different points In the cortical area gives nse to movements mvohrlng 
different groups of mosclea, and it is pooible by tbU nv^rf to deterrmne 
the point of origm of the component parts of the pyramidil tract sy st em . 

E. C. (Ml sod H. E. Hoff, *8pbial tcnsJekUoai tj tb« praj ^cttoc fibres freoi tbs 
Mtortettt* fprbiMisf*, Brats. 19)4. 

O S. FUa mm) H. a. D s TS M pQ rt , *Firics!hilsr tnd bulbs )q tbs csntnl B«n« 
fjMxdwtAnan >«.CssW.iVMr M,i 93 a. 
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Similar informatiaQ can be provided by observing which groups of muscles 
are paralysed as the result of localised lewons m the cerebral cortex (other 
produced eipenmcntally or observed clinically) Further the course fol 
lowed by the fibres conveying these motor impulses can be inferred to a 
considerable extent by matang lesions m different parts of the bram stem 
and spinal cord and observing which particular lesions prevent the effects 
of cortical stimulatioru fiirnilu- methoda have been employed from time 
to tune in order to trace out the anatomical course of neural paths carrying 
visceroiDotor vasomotor pilomotor audomotor nnpulsea, ficc. by stimu 
latmg functional cen trea central or pcnphcral paths (or by mterruptmg 
the latter) and observing the corresponding functional changea and thar 
distributiom 

On the afferent side, observanoos on sensory changes associated with 
lesions of the central nervous syitcm have help^ to determme the course 
B^d termination of sensory pathways. For example, lesions m the visual 
mechanism of the brain have provided anatomical mformstion regarding 
the precise pith followed by retinal tmpulses, and the site of thar termma 
Oon m the ccrdiral cortex. The arte of ttrminatjon m the cerebral cortex 
of sensory tracts co n vey mg impulses from different regions of the bodv 
has also been studied expen meptally by applying to Yocalixed spots of 
the co rt ex a weak solution of strychnine ^drochlonde. This leads to 
a sensitixatioa which marufesta ita^ in a byperaesthesia of certain areas 
of the skin.’ 

An ingemous method has been evolved by MeSwmey and his coQa 
bonton for studying the anatomy of visceral afferent pathways by using 
papillary dilatation as an mdex of viscera] afferent nerve activitv* Stimula 
non of afferent nsceral fibres leads to immediate dilatatiDn of the pupil as 
the result of inhibition of the nudeas of the thud cranial nerve m the mid 
brain By makmg letioos in d ifferen t dorsal spinal roots and m different 
parti of the fpmal cord, and observing which particular lesions abolish the 
pupillary reaction the route followed by the anerent fibres under mvcstiga 
Oon can be mapped out with conaidcrsblo precision. 

The course taken by afferent impulses has also been studied bv recording 
the action currents of nerve fibres (after amplification with a cathodenriy 
osallogrsph) following penpheral sumulatioii. This technique has been 
fsdlititea m recent ^esrs by the use of baibiturites for mducmg anaestbesis 
in expenmental animals for these drugs damp down the spontaneous 
electrical activity of the bram suffiaentiT to permit the detection of the 
small electrical changes which occur when a penpheral sense organ is 
stimu l a t ed. For example, if m an aaaesthetisea immal one of the t ^r til r 
vfbnsiae of the snout u moved and at the same time the cerebral cortex ii 
explored with clectrodca leading off to an amplifier and osaUograph, the 
precise point m the cortex where the impulwi arrives can be accurately 

defined. In this way the representation of different parts of the body m the 
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cerebr*! tnd ccfcbelkrcorttx, tad In certiin deeper ftnactuTO of the bnin, 
Im been ■vrorfted out In wme detilL* 

An indirect snttormcal method of t fanQtr kind hn been denaed 
DuMerdeBtrennetndbltcollabontDnT It may be termed the method^ 
•tiychniniiation, for it mvolvet the loctl tppGctdon of a weak •olobon of 
ttxychnine hydrochloride to different parta of the grey matter of the brain, 
and the recording of the electrical changes Indn^ by this cbcnsal 
stimulation. Exp«Tmcrrtal etidence ahowa that the atryduunc acta on the 
cell bodies of the nenrona, amamg a diachirge of unpnlaea, and that the 
electrical changes are produced at the axon terminals.* By thh method, 
therefore, it b poaaiblo to determine the origin and tenmnatioc of many 
intricate fibre connexlona of the brain whose course can bard^ be folkmtd 
by direct anatomical study In recent yean the method of atrychmim»' 
bon has been employed in the delineation of the complicated aasoaatwn 

r ems which link up the differaxt areas of the cerebral cortex, tad 
diffoae pathways by wh^ the corttx t» connected to deep-lying 
atroctures tn the br^ tuch as the basal ganglia. It is probable, also, that 
in the near future the same method will autttasfuQy u nra te l many other 
complex syttema of the central 'nemma ayatem wmiae org an itatron U at 
presrtt obscure. 

(g) Comparatrw aruxtamy In f o mado n regarding the aoatotnical sigm 
fic a r ic e of different elementa m the brim can sam rrim es be denred fmn 
comparaQTe etudrea. For exan^ile, the atrophy or diaappewance of certain 
nemna ctruetvirea in anlroals which are DonoaBy blmd suggest that they 
are related to the nnal srstem. The enlargetoem of certain cell groups in 
an angpal which has a wat-der d oped sense of tmeO suggests that they may 
be concerned with the teceptum ^ olfKtory aupulaea. Such obserritlocs 
usually prorlde only a general indicstloTi m regard to functional locsTtia 
tKm, but they can sometimes supply negatare endence of contidefahle 
valoe. 


14 THE VASCULAR SUPPLY OF NERVOUS TISSUE 
During ttnfaryonic development the nssucs of the central nerroua 
syitem become Tascahuieed ct sn exti ’ ciu dr early stage. In the cUck, for 
example. Will lams found cspilltry vessels mvading the neural tube at the 
second iiCj of incubation, wink st twche days menoles snd venules begin 
to appear » When the vessels first enter the tnbe, th^ are apparently 
attnuied towards the genmnsl I^er where the cells are undwgtdng rapid 
dmiion and which b therefore pi e smoa bly a region of high metabolic 
ac tiniy Subsequently as the pr^ofstive tetinty of the germinal layer 
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ipread* throtighoirt the developing brain following on cell migration, the 
yeatels tend out tprouti to thm new areas. 

In the adult the relative vascularity of different parts of the nervous 
ayitcm bears a dose relation to thar metabohe levcL Grey matter is nchly 
vascular while white mattrr u poorly aupphed with capilknea. This 
coneapondi with the fwrt that, m general grey matter consumes more 
oxyg en tt^an white TrmttrT It ban b«n suggested that the oxidation asso- 
ciate with nervous activity occors m dendntea and synaptic structures 
rather than m the nerve-cell bodies themselves,* and m relation to this it 
has been observed tbit the degree of vasculanty vanes rather with the 
number of synaptic connexions than with difference* m the number and 
density of Dcrve-cell bodies,* For exampk, the vascularity of the cerebral 
cortex, which containa numerous synapses is out of all proportion greater 
than tbit of the scnsory ganglion of the trigeminal nerve m which no 
synapises occur Neuropil also is nchly supplied with capillsry vessels, 

Cmgie s work has anown dearly tluit r^trve vasculmty depends on 
neural ac ti v i ty as well as on the density of nerve cells,* All parts of white 
Tn«ttr-r trc not equally vascular and m grey matter motor nuclei are m 
general less ndi m capiUanes than sensory and correlation centres. More- 
over the vascularity of grey matter nuarascs rapidly with the o ns et of 
functional activity dfunng devdopment. 

It will be apprecucted &om what has been said that the vascular architec 
ture of the brim reproduces very dosely the |^»lb^lwf trchitectore. In 
sections of a well injected brato therefore, cell collections and ceQ laminae 
are outlined by the disposition of capQlary plmises. In the most vascular 
regioQs the capillary network may ^ so fine that mdryidoal ire en 
o^ed by each mesh. Indeed, endocellular capiDanes are sometimea found 
actually pierang the cytoplasm of a n er v e -cell body This is particularly 
the case with cert am cell caHecUons m the hypothalamus (in the nwgb 
bourhood of the pituitary gland St the base of the bram) which arc beheved 
to possess se cr e t ory firncuoiia,* 

TTie human bram ts well aupphed with blood vesseli. Two pairs of 
relatively largo arteries (the mtcrnal carotid and vertebral arteries) cany 
blood to It, and it is diained by veins wbkh ultimately open into large 
venous tmuses m the dura mater These anatomical ire correlated 
with the observation that the blood flow through tbe bram m a given time 
» consideribly higher than through most other psrts of the body indudmg 
skeletal musde. 


On tbe surface of tbe bram and spmil cord tbe artenes anastomose very 
fiedy aHowing of an even distribution of blood to all parts and also an 
eq ualinri on of pressure m aH the vascular channels. On the other hand, 
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ccrcbrtl and eercbeHtr cortex, and in certain deeper atructurca of the brim, 
haa been worlted out In aome detaiL* 

An indirect anatomical method of a aimOar kind haa been denaed by 
Duaaer de Barenne and hla coUaboratora. It may be termed the method of 
atrychninIntioD for it mTotrea the local application of a weak aohitKm of 
aliychnlne hydrochlonde to different parts of the grey matter of the brain, 
and the recordmg of the electrical changes mda^ by tha chemical 
atimolatiom Expenmental evidence ahowa that the atrychnlae acta on the 
cell bodies of tlu neurona, cmalog a d i s c h ar ge of Impulaea, and that the 
electrical changes are produced at the axon tenmnala.* By tins method 
therefore, rt a pooible to determine the ongm and tennination of many 
intricate fibre connexum of thebraln whose coune can hardly be foOowtd 
by direct anatoazkal study In recent yean the method of atrychnnijT a 
ticm has been employed m the debneation of the compbeated ataoaatiac 

r ms which li^ up the different aicta of the cerebral cortex, and 
diffuse p ath w a y! by which the cortex is connected to deep-lying 
atro ctur ea m the brw such aa the basal ganglia. It U probable, al^ that 
m the near future the method wiB succeiafully uniarcl many other 
complex ayitema of the central nervoua ayitem whoae o r ganhati oc h at 
present obscare. 

(j) Comp attUi Xte taatomy Infoantdon regarding the anatomical algnl 
fiance of different eignents in the brain can s u i uetim o be denved freon 
campantive studies. For example, the at ro p hy or duappeannee of c taiiln 
nemrua atructurca in sTTttradi which arc nonnally bhnd soggeat that they 
are related to the visual tystem. The enlatgement of certain cell groups in 
an ammal which has a well-developed sense of rmen suggests diat they may 
be c on cerned with the reception of olfactory unpclsca. Such obaervitiona 
ususIIt pnnide only a general indication m re^rd to functional locahxa 
non, but they can socnetlmet supply n eg a t i v e evidence of coniideiible 
value. 


14 THE VASCULAR SUPPLY OF NERVOUS TISSUE 

During embryoeuc dev el opment the tusues of the central nervons 
system become vascuUdsed at an extremely caiiy stage. In the duck, for 
example, WTIHams found capHIary vessels mviding t^ neural tube at the 
second day of in Cuban on. while at twelve days art^Iolcs and venules begin 
to appear * When the vends first enter the tube, they are apparently 
towards the geranml layer whe« the ceUi are undergoing rapid 
division, and which is therefore presumably a region of high metabolic 
act i T i ty Subsequently as the proUfierstiTe activi^ of the genninal layer 
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held procme* of dura miter tnd arc thin protected from the effects of 
my sudden me m intracranial pressure. 

The nervous c ontr ol of the arculition m the central nervous system has 
been discussed m a previous chapter (ace p 205) 


15 THE EVOLUTION OF NERVOUS ORGANIZATION 

The history of the evolution of the nervous system 1* the history of 
p r o gre asxv c centnhiation. In lowly mvertebrates of a radially symmetrical 
type (le. codentcratei) the whole nervous system a compost of a diffuse 
network of nerve cells and their processes, forming a ganglionated plexus 
which a dispersed throughout the body of the organism. This regulatory 
mechamsm mediates reasons of a difhise type, but it it hardly capable of 
initiating and lynthesixing rapid adjustments involving widely different 
tfpei of effector or of evoking indinduated response* of an isolated and 
tWrete nature. 

When, during the course of organic cvoludon, anally symmetncal 
animals came into being the bead end was eqmppcd with spccialiied 
receptor organs to enable them to respond rapidly to environmental 
changes whida they encountered m their movements m search of food, ficc. 
It seems thit these r ece p tor s , in turn provided a stunulus for the elabort 
boo of nervous ganglu concentrated m the bead region. Thus a prmutive 
brain came into existeace. The pnmaiy hmeban of the bram was evidently 
to recerve impulses from spectaEzed sense organs anxl, on the basis of 
mfotmation derived from these, to dnminaift and control the actmty of the 
rest of the nervous system. To fa cilitate thi«, • centnlnation of nervous 
tissue along the me<i{«n axis of the annual occurred, forming a nerve cord 
which *er^ to link up segmental ganglia with each other and the whole 
gsnjdionated diam wim the brain. In this manner a spinal cord wu de 
veloped. In brief ti indicated above, the central dotous system provide* 
a centrahied mechanism which allow* the mteraction of diverse stimuli 
smTmg from receptor* of *11 kmds, as well as the mnultaneou* co-ordina 
tkm of widely s^Mirato effectors. 

In all vertebrates the nervous actmtie* of the bo<fy are mediated bv a 
central nervous system consisting of a bram tnd spinal cord. In addition, 
there are periphe^ ganglionated plciuse* dispersed in the walls of vkccral 
organs wWh are to a limited extent capable of local regulating functions. 
These p lexu»e» may be regarded a* pemstent r ep re s entative* of the diffuse 
network which compnjcs the whole of the nervous syitem in lowly 
invertebrate*. 

In the central nervous system there can be recognized three mam ana 
tocolcal and functional levels. First there is the stgmmial organization, 
co*nprumg a single segment of the spinal cord with its corresponding pair 
of spinal nerve* and sympathetic ganglia. Thk provides the wsi* of »eg 
reflex actlTitie*, and may therrfore bo regarded as an dementary 
nerrom mechanism for controUmg the reactions an mdividual •egment 
of the body A* already noted, however the •egmcntal srrangement of the 
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witlim tbs cubcttnce of the ceotnl Dcrroia tjttcm Tnn<->^ 

id* free. Indeed, from the point wbere a brmdi coma off a mam artery 
in order to enter oervoot tame It fimcdoni at an end artery (tee p 278). 

A stodyofthevaacukr architecture of tbe brain thffwijhowrrer ttatthcro 
are do end arterio in the atna anatomical tense, ■d jtcent Teaaelt do 
tnaatoiDoae through a capfllarr bed and also to tome by direct 

artenoiar connexions.^ It has been ahotro experimentally bowever that 
these anastomosa are ikot adequate for the fonnation of a coQateral drcnla 
bon, and if one arterial channel tt blocked, the territor y of nervous dasue 
winch It visculama tmdergoa rrad necroaia.* It folnma from this that 
interruption to the vascular supply oy lesiooa such aa tbrofflboaia or embolus 
must alwayt lead to a compl^ deatrucoon of the coire y ocdmg part of^ 
the brain. In any cate, nerve ceOa are particularly susceptible to the effects 
of aruemla. Gomes and Pike* fbemd that, if the bi^ it temp orarily 
deprived of blood by damping the mam vestda, du tmtH pyramlnal Ml* 
of the cerebral eo rtez are ratiBy aqared m eight mmutea. Other cells are 
susceptihle to lesaer degreea, and sympathetic ganglion cHla are the most 
fftisrint On the other han^ neuroglia cells teem xM to be affected at all 
by temporary anaemia. 

The mtnanamsl orcubtion offers a sena of mterestiog problems, for 
as Muoro ongmalty pomted out and Kel&e later od confirmed, the brain is 
eadosed witlm a ri^ coatxloer and, ftnee the njbatxnce of the brahi is 
practretUy Incompreadble, the quaod^ of the blood arculating within the 
cranhiin mnst at all tuna be almost constant. This thesis Is knows as the 
Mtatro-KeUu dactrau 

It hn been shown, however that there are reciprocal volume chanra 
between the blood and the cerebrospiDai ffeud, varying in magnitude with 
the position of the body Weed* has suggested, Inwed, tint the chief 
funcoon of the cerebros^nnil fluid may be to aUcnr t pr om pt redprooal 
adjustment in response to chsnga wfaidi occur in the amount of blood in 
the arterl a and rems withm me akulL Certainly any rise far arterial or 
cerebrospinal fimd pressure will tend to compress the thm walled cerebral 
reins and to obstruct the venous return from the brim. In order to obviate 
tias tendency the cerebral veins effect unusually strong anastomosa with 
each other In some cases, also tbefr mode of tennmstion by opening 
mto the dural venous smusa in a dlrectioD oppos i t e to the bloM now in 
the latter su ggests a mechamsm for Tiwnfinlpg the plea s u re in them and 
thus preventing thdr easy coUipte. 

The Urge tennlnsl rdm msiae the skull are represented by lotradunl 
venous amuses. These sre contained between Isycri forroed by rigwfly 
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loTTcr TTYgmmaU gTc ctuatcd m the mid brain or hind brain, become pro- 
grcjai rdy shifted to the Viigb^ levclfl of the fore-brain m higher Tnammt ls 
It u apparent, therefore, tl^ the analyns of functional processes by expcn 
menm study in Iqwcr mammflls cannot be direct^ transferred to the mter 
pretation of the functions of corresponding parts of the brain m hi g her forms. 
Another conseipience of protencephalnation depends upon the fact that 
•when a Icrwcr controlling centre is supciacded by tiie development of a 
centre at a higher level, the former does not snnply atrophy and disappear 
— It p er a i sts relatively unaltered anatomically but rta activities are sub- 
ordinated to the controlling and inhibitory inmiences of the higher centres. 
Many of the resulta of eipen mental or pathological destruction of higher 
centres are therefore release phenomena, due to the resultant imcontroUed 
activTty of the c o rr e sp onding Io\Tcr centres. 

The process of proecncepbahsation m mammals leads to a progressive 
in the vouime of the cerebral hemispheres — the dirctt result of 
the mcreasmg complexity of integrating mechanisms m the cortex and 
related structures. Apart from chmges associsted tnth an mcrcssc m the 
sue of the body at a whole, nervous tissue u unique m that its cffiaeacy as 
a ayitcm ta directly related to its bulk as well as to iti structural complexity 
Tfe advantage in the struggle for existence which accrues from a laige 
bram is well ibown In the Later palaeontological history of mammals. In 
early Eocene times the commencement of the Tertiary penod) mammals 
were already well dmerentiated mto d i ver ge nt groups companble with those 
which exnt to-day They were remarkable, howrw for the astomshmgly 
small atxe of thar brains (as inferred from the study of endocranial casta) 
In their aubsequent evokruon all these groups sbopred a progreasivt and 
parallel enlargement of their cerebral hemispheres. This evoluhonary 
grow t h of the bram was not confined to Primates, although rt was most 
obtrusive m this Order but was also mamfested to a considerable degree 
m other groups such u carnivores, ungulates, kc. Even after the Primates 
themsdves lad become differentisted m the course of evolution mto 
separate and divergent groups, each group contmued mdepcndcntlv to 
elaborate its cerebri eqmpmcnt, so that large and well-convoluted brama of 
a similar organttation were evolved to Tarymg degrees m a parallel manner 
Man tt contrasted with aU other mammals m the relative aisc of hia 


brain. In him proscnccphaliratton has proceeded further so that more 
bodily functions have come to be r e presented in the most highly organiied 
levels of the cerebral cortex- Moreover nnce the ce re b ral cortex is the 
anatomical substratum of processes mvoHng voluntary control, its pro- 
presnve elaboration m man is tuDnly an expression of hia supreme position 
m the animal world as arbiter of his own destiny range of hu be- 
havioural rcacrions, which la directly related to the coi^etity of the 
highest functional levels of the nervous system, has become extended to an 
ahn^ unlimited degree. It may be said, mdecd, that the cerebral cortfei 
of hi^ bram is the orgm of liberty of action and its correlate, fibertv 

oftb^t. Herein many wffl sec an mspuation for the present and a booe 

lor tne future. ^ 
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central Dcrroui lyttcm m Totebrate* a not a primary featore — rt b 
aecondanly unpo^ from a penpheial direction by the •cgmcntally 
dumoaed mnscle plates or myotomes (see p 346) 

Secondly tbcreuan0itartt;fj«irt<ilorginixationwhcrcbTthotegtnentaIly 
arranged neoral mechanitms are link^ together Tha u r^ p r ^a^ nti»d 
anatomically by Interaegmental aasoctation tracts of fibres, which cotirae 
up and do^ in the spinal cord and brain stem connecting segmental 
mechanisms at different Icvcft, and alao by the Jongrtadmalfibres of the 
sympathetic chain. It pronda the basis for interaegmental reflex actmties. 

Lastly superimposed on these lower ffmcdonalln^ a a rupra-Mpoenta/ 
orgamxatian which dominates the whole n ervou s system . This is r e pr e- 
sent ed by eliborate neural mcchanisna fuch as the cerebellam in the Kmd 
brain, the red nocleus and tectum in the mid-brain, and the thalamus, 
corpus stnatum, and cerebral cortex in the fore-brain. TTiese sopra- 
segmental mgrhamOTi ere binlt up on the foundation of conelxtion 
which w e re fint dereloped as terminal Btatinna for speoalixed cranial 
nerres. 11101, the cerebellum la pnimrily a carrclation ee n tm through 
which impulses from the semkircnlar canals and lateral line system can 
exert thdr biftiieneii over lower neural lerels, the tectum of the mid-brain 
simDarly prondes vwual and auditory cen tr ia, while the fore-brain a at 
first predomiumriy an oLEtetory mechanism dereJoped in relation to the 
tenmoatian of olfaimsry tracts. 

During the course m rertebrate erolutian a pr o ce sa occnit which m- 
Totrea a gradual shifting forwards of controlling catres from the lower 
lerels of tras spinal cord and brain stem to the fort-bnm or prcaertcephikm. 
'llus proc es s is termed pr atencep kah r e it t oi, and it is parbiulajV 
ilhatrated by the progrenne derelopment of the cerebral cortex In die 
ver tA rmte series. 

In lower vertebrates the cerebral cortex is almost entirely olfmtory m hi 
afferent coniKonnra, and becomes highly organixed in acctndaoce with the 
&ct that in these forms behsnounl reactioos are dominated by ohactory 
stimuli. Intheeariy stages of mammalian erolotioa this elaborate organlxa- 
tKm was m«ria nse of to allow the co-KipcratioD at the same fonctiocil level 
of other saaoiy sdmnll m determining adaptadonal reacdona. The activi- 
ties of correlation cen tr es for visual, auditory and general s e ns ory stimuli 
were projected by fibre tracts on to the cerebral cortex so that in tlris highly 
intneate mechanam senses other than that of smell came to aomire a 

rirm. Indeed, in thc further eTohitionary development of higher 
mamnrrtk (pardculariy m Pnmates) this pro cess cootintied to the point 
where the ol&ctory areas of the cortex became cocapletcly ovenhaderwed 
by non-olfactory areas. The whole cerebral cortex finally comes to form 
an integrating mechanism whose increasing complexity a manifested on 
the fanc&o^ »de in a greater ablhty to apprehend the nature of incotning 
ttimuH and in a capacity for a wider range of adjustments to any environ- 
niental change. 

It is a of coral rtersble importance &om the jxjint of tkw of 

experimental oeurdogy that the proc ess of prosencepbalmtiaD should be 
recognixed m all its impUcanoos. Functional centres of control, which in 
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